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Department  of  Defense  Annual  Report  (2002) 

INTRODUCTION 

Parkinson’s  disease  (PD)  is  a  common  neurodegenerative  disorder  that  affects  about 
1,000,000  North  Americans  alone  and  that  occurs  in  50,000  newly  diagnosed  patients 
each  year  (1).  This  disease  is  characterized  mainly  by  tremor,  rigidity,  akinesia  and 
postural  instability  (2)  all  attributed  to  a  dramatic  loss  of  dopaminergic  (DA)  neurons  in 
the  substantia  nigra  pars  compacta  (SNpc)  and  of  DA  nerve  terminals  in  the  caudate- 
putamen  (3,4).  Symptoms  of  PD  can  be  alleviated  with  the  use  of  levodopa  and  other 
dopamine  agonists,  however,  they  do  not  stop  the  progression  of  the  disease.  Many 
hypotheses  abound  as  to  the  etiology  of  PD,  however,  it  is  the  oxidative  stress  theory  that 
seems  to  take  precedence  over  the  others.  In  previous  studies  (5,6),  we  have  shown  that 
reactive  oxygen  species  (ROS)  and  reactive  nitrogen  species  are  involved  in  the  PD 
neurodegenerative  process.  To  demonstrate  the  involvement  of  these  compounds  in  the 
PD  neurodegenerative  process,  we  have  used  l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine  (MPTP),  a  by-product  of  the  chemical  synthesis  of  a  meperidine 
analogue  with  potent  heroin-like  effects  (7).  MPTP  is  a  specific  DA  neurotoxin  that 
replicates  almost  all  of  the  hallmarks  of  PD  in  non-human  primates  and  in  various  other 
mammalian  species  including  a  severe  irreversible  loss  of  DA  neurons  in  the  SNpc  and  a 
loss  of  DA  terminals  in  the  caudate  nucleus  (8).  Using  transgenic  mice  that  overexpress 
human  superoxide  dismutase  (SOD),  the  enzyme  responsible  for  metabolizing  the 
superoxide  radical  in  the  cell,  we  have  demonstrated  that  the  superoxide  radical 
participates  in  the  MPTP  neurotoxic  process  (5).  However,  superoxide  is  poorly  reactive 
and  it  is  the  general  consensus  that  this  radical  by  itself  does  not  cause  serious  damage.  It 
is  believed  that  superoxide  exerts  most  of  its  toxic  effects  through  the  generation  of  other 
reactive  species  such  as  the  hydroxyl  radical  whose  oxidative  properties  can  ultimately 
kill  cells.  For  instance,  superoxide  facilitates  hydroxyl  radical  production  through  its 
reaction  with  hydrogen  peroxide  and  transition  metals.  Superoxide  radical  can  also  react 
with  nitric  oxide  (NO)  to  produce  the  extremely  potent  and  more  damaging  peroxynitrite 
Production  of  NO  is  the  result  of  activation  and  upregulation  of  the  NO-producing 
enzyme,  nitric  oxide  synthase  (NOS).  Three  distinct  isoforms  of  nitric  oxide  synthase 
(NOS)  that  synthesize  NO  in  the  brain  (7),  neuronal  NOS  (nNOS),  endothelial  NOS 
(eNOS)  and  inducible  NOS  (iNOS)  are  either  constitutively  expressed  (nNOS,  7)  or 
minimally  expressed  (eNOS,  iNOS,  7).  Working  with  this  aspect  of  the  oxidative  stress 
hypothesis,  we  and  others  (5,9,10)  have  found  that  knocking  out  nNOS  only  partially 
protects  against  MPTP’s  toxic  effects.  From  this,  we  surmised  that  other  NOS  isoforms 
might  indeed  play  some  role  in  the  MPTP  neurotoxic  effect  and  in  PD,  thus  the  entry  of 
iNOS.  In  the  normal  brain,  iNOS  is  undetectable  or  only  minimally  expressed.  However, 
in  pathological  conditions  such  as  stroke,  AIDS,  ALS  and  PD  (11-14),  it  has  been  shown 
that  only  iNOS  is  upregulated.  In  fact,  it  has  been  suggested  that  the  iNOS  expression 
that  has  been  demonstrated  in  microglia  in  the  SNpc  of  post-mortem  brain  tissues  from 
PD  patients  indicates  that  an  inflammatory  process  may  influence  the  nature  of  PD.  It  is 
postulated  that  while  iNOS  is  not  instrumental  in  the  initiation  of  PD,  it  may  well  aid  in 
the  progressive  nature  of  the  disease.  In  another  experiment  using  several 
immunostaining  techniques  and  western  blot  analyses,  we  investigated  in  mouse  brain  the 
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role  of  iNOS  in  the  MPTP  neurotoxic  process.  Our  findings  that  iNOS  is  up-regulated  in 
the  SNpc  of  MPTP-treated  mice  (15)  is  more  relevant  to  our  finding  that  the  superoxide 
radical  is  involved  in  the  death  of  DA  neurons  following  MPTP  treatment  than  our  results 
with  nNOS  gives  teeth  to  our  hypothesis  that  other  NOS  isoforms  are  involved  here. 
Once  we  demonstrated  that  iNOS  upregulation  is  tied  to  microglial  activation,  we  thought 
that  other  pro-inflammatory  agents  which  are  involved  in  the  inflammatory  response  (16) 
might  be  involved  here  also.  Furthermore,  we  thought  that  the  blockade  of  iNOS 
upregulation  might  be  a  possible  therapeutic  avenue  for  attenuation  of  the  MPTP 
neurotoxic  process.  Thus,  we  used  minocycline,  a  semisynthetic  tetracycline  derivative  to 
attenuate  microglial  activation  (17).  As  stated  above,  the  superoxide  radical  and  NO  are 
weak  oxidants,  and  individually,  neither  is  sufficiently  damaging.  However,  reaction 
between  the  two  can  produce  the  more  damaging  peroxynitrite  (18),  a  reactive  nitrogen 
species  that  can  oxidixe  the  phenolic  rings,  particularly  tyrosine,  of  proteins  and  damage 
DNA  (19,20).  Markers  for  the  oxidation  of  tyrosine,  nitrotyrosine  and  dityrosine,  are 
indicative  of  the  extent  of  the  peroxynitrite-induced  damage  to  tyrosine  residues  which 
are  so  important  to  phosphorylation,  signal  transduction  and  catecholamine  synthesis  in 
the  cell  (21). 

As  mentioned  above,  there  are  three  isoforms  of  the  NOS  enzyme.  In  models  of  focal 
ischemia,  nNOS  mediates  early  neuronal  injury  and  iNOS  contributes  to  late  neuronal 
injury,  but  eNOS  is  thought  to  be  neuroprotective  (18).  The  production  of  NO  from 
eNOS  supposedly  protects  brain  tissue  by  maintaining  regional  cerebral  blood  flow(18). 
Thus,  to  complete  our  studies  on  the  contribution  of  NOS  isoforms  to  SNpc  MPTP 
neurotoxicity,  we  examined  the  effects  of  MPTP  on  the  eNOS  enzyme  in  wild-type  and 
eNOS  knockout  mice  and  found  that  eNOS  has  no  role  in  the  MPTP-induced  neurotoxic 
process  (Personal  Communication). 

The  next  step  in  our  research  plan  is  to  demonstrate  whether  we  can  alter  the  MPTP- 
induced  toxic  process  on  SNpc  DA  neurons  by  altering  superoxide  radical  and/or  NO 
production  as  we  believe  that  these  alterations  may  dampen  this  neurotoxic  effect  on 
SNpc  DA  neurons.  To  this  end,  we  theorize  that  it  is  necessary  to  alter  superoxide  radical 
and/or  NO  production  in  the  face  of  MPTP  administration.  For  this,  we  felt  that 
overexpressing  SOD  and/or  knocking  out  NO  production  via  transgenic  and  knockout 
mice  might  do  the  trick.  We  have  found  that  cross  breeding  SOD  overexpressers  with 
nNOS  and  iNOS  knockout  mice  is  feasible  and  these  mice  are  viable.  Exploring  the 
effects  of  MPTP  in  these  mice  will  help  us  further  our  theories  of  oxidative  stress  and 
PD. 

BODY  OF  RESEARCH 

Our  overall  long-term  goal  is  the  study  of  the  pathogenesis  of  PD  based  on  the  oxidative 
stress  hypothesis  of  PD.  Thus,  we  have  outlined  a  series  of  studies  using  the  specific  DA 
neurotoxin  MPTP  that  hopefully  will  help  us  to  decipher,  in  a  step  by  step  fashion,  the 
cascade  of  events  that  cause  this  debilitating  disease  and,  along  the  way,  possible 
therapies  to  improve  the  symptomology  of  or  to  stop  the  progression  of  PD.  Our  research 
plan  has  hooked  into  strong  support  for  the  oxidative  stress  hypothesis  of  PD.  Data  from 
our  MPTP  studies  have  not  only  replicated  a  number  of  hallmarks  so  characteristic  of  PD 
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such  as  the  severe  loss  of  DA  cell  bodies  in  the  SNpc  of  MPTP-treated  mice  along  with  a 
marked  decrease  in  DA  fibres  in  the  striatum  but  have  also  demonstrated  that  both  the 
superoxide  radical  and  NO  are  involved  in  the  production  of  die  strong  oxidant 
peroxynitrite  which  can  damage  proteins  and  DNA  (Specific  Aim  I).  For  instance,  we 
have  demonstrated  the  oxidative  modification  and  nitration  of  tyrosine  residues  and 
alpha-synuclein  using  our  MPTP  mouse  model  of  PD  (Specific  Aim  IV).  These  nitrated 
compounds  have  been  demonstrated  in  post-mortem  tissues  from  PD  brains.  Our  studies 
also  show  that  eNOS  is  not  at  all  involved  in  the  MPTP  neurotoxic  process  and  that  iNOS 
activation  and  upregulation  are  key  to  the  MPTP  neurotoxic  process  (Specific  Aim  II)  in 
that  the  above-mentioned  proteins  are  nitrated  which  takes  them  out  of  the  loop  of  normal 
cell  function.  We  have  also  shown  that  the  main  products  of  peroxynitrite  oxidation  of 
tyrosine  residues  in  our  MPTP  mouse  are  the  formation  of  dityrosine,  o,o-dityrosine  and 
3-nitrotyrosine  (Specific  Aim  III).  Our  research  now  directs  us  toward  attempts  to 
dampen  the  effects  of  superoxide  radical  and  NO  production  following  MPTP 
administration  using  transgenic  mice  that  overexpress  SOD  and  knockout  mice  that  lack 
the  nNOS  and  the  iNOS  enzymes. 

Animals  and  treatment 

Procedures  using  laboratory  animals  are  all  in  accordance  with  the  NIH  guidelines  for  use 
of  live  animals  and  are  approved  by  the  institutional  animal  care  and  use  committee  of 
Columbia  University.  Eight- week-old  female  C57BL/6  female  mice  (Charles  River 
Laboratories,  Wilmington,  Massachusetts)  are  being  bred  with  our  SOD  overexpressers 
to  put  the  SOD  mice  on  a  C57BL/6  background.  nNOS  and  iNOS  knockout  mice  are  on  a 
C57BL/6  background  from  Jackson  Laboratories.  The  two  NOS  knockout  lines  were 
crossed  with  the  SOD  mice  for  viability.  These  mice  are  viable,  thus,  we  will  breed  them 
for  the  remaining  MPTP  experiments.  SOD  gel  electrophoresis  and  RT-PCR  are  used  to 
establish  genotype. 

For  all  of  our  previous  experiments  using  MPTP,  we  have  used  8-10  weeks  old  C57BL/6 
male  mice  from  Charles  River  Laboratories.  These  mice  received  a  18-20mg/kg  injection 
of  MPTP  at  two  hour  intervals  (4  doses  over  8  hours)  and  their  brains  were  used  to  test 
our  hypothesis.  The  nigrostriatal  DA  system  of  C57BL/6  mice  is  highly  susceptible  to  the 
toxic  effects  of  MPTP  as  evidenced  by  the  80-90%  reduction  in  mouse  striatal  DA 
content,  by  the  60-70%  loss  of  DA  neurons  in  the  substantia  nigra  pars  compacta  (SNpc) 
and  by  severe  damage  to  DA  terminals  in  the  striatum  which  is  the  same  situation  that 
exists  in  human  PD. 

Overall  Accomplishments  for  Specific  Aim  I. 

•  iNOS  and  nNOS  are  both  involved  in  MPTP-induced  toxicity  to  DA  neurons. 

•  iNOS  seems  to  be  the  culprit  in  the  activation  of  microglia  and  the  progression 

of  MPTP-induced  DA  neurodegeneration. 

•  eNOS  is  not  involved  in  the  MPTP-induced  neurotoxic  process. 
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•  Crosses  between  the  SOD  overexpressers  and  nNOS  and  iNOS  knockout  mice 
are  viable. 

Overall  Accomplishments  for  Specific  Aim  II 

We  have  shown  that  minocycline,  a  semisynthetic  tetracycline  derivative,  attenuates 
certain  aspects  of  the  MPTP-induced  inflammatory  response  in  mice.  These  include: 

•  Attenuation  of  MPTP-induced  SNpc  dopaminergic  neuron  death  by 
minocycline. 

•  Prevention  of  MPTP-induced  microglial  activation  by  the  second  generation 
semisynthetic  antibiotic  minocycline. 

•  Prevention  of  three  key  microglial-derived  mediators  of  cytotoxicity  following 
MPTP  administration  using  minocycline.  These  include  iNOS  upregulation, 
formation  of  mature  IL-ip  and  activation  of  NADPH  oxidase. 


Overall  Accomplishments  of  Specific  Aim  III. 

•  Documentation  of  peroxynitrite  existence  and  regional  quantification  of  3- 
nitrotyrosine,  ortho-tyrosine  and  o,o-dityrosine  in  the  MPTP  mouse  model  of 
Parkinson’s  Disease. 

•  Demonstration  that  tyrosine  hydroxylase  is  nitrated  and  inactivated  following 
MPTP  administration  to  mice. 

Overall  Accomplishments  of  Specific  Aim  IV. 

•  Demonstration  of  tyrosine  hydroxylase  inactivation  and  tyrosine  nitration  in 
HEK293  cells  following  exposure  to  peroxynitrite. 

•  Demonstration  of  the  nitration  and  oxidative  modification  of  the  a-synuclein 
protein  in  the  SN  of  MPTP-treated  mice. 


•  Demonstration  that  poly  (ADP-ribose)  polymerase,  a  DNA  repair  enzyme,  is 
upregulated  in  the  ventral  midbrain  of  MPTP-treated  mice. 
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Reportable  Outcomes 
Specific  Aim  I 

Specific  Aim  I  of  this  award  proposed  to  determine  the  contributions  of  superoxide,  NO 
or  both  to  MPTP  neurotoxicity  by  administering  this  toxin  to  normal  mice  and  to 
different  lines  of  mice  that  are  genetically  engineered  to  exhibit  a  greater  capacity  for 
detoxifying  superoxide  (transgenic  copper/zinc-superoxide  dismutase  {SOD1}  mice) 
and/or  a  lower  capacity  for  synthesizing  NO  (knockout  neuronal  NO  synthase  {nNOS} 
mice  and  by  assessing  the  status  of  the  nigrostriatal  DA  pathway  in  these  different  types 
of  mice  following  MPTP  administration  using  high  performance  liquid  chromatography 
(HPLC)  and  immunostaining  with  quantitative  morphology.  We  have  already  completed 
our  studies  on  the  contribution  of  die  three  isoforms  of  the  NOS  enzyme  to  the  MPTP 
neurotoxic  process  and  have  found  that  both  nNOS  and  iNOS  contribute  to  MPTP- 
induced  toxicity  on  dopamine  neurons  in  accordance  with  Specific  Aim  I.  We  also  note 
that  eNOS  plays  no  role  in  this  MPTP-induced  toxicity.  In  keeping  with  Specific  Aim  I, 
this  year,  thus  far,  we  have  put  the  mice  necessary  for  other  aspects  of  Specific  Aim  I  on 
a  C57BL/6  mouse  background  as  we  have  used  the  C57BL/6  mouse  for  our  original 
MPTP  studies.  We  have  also  started  to  cross  the  SOD  overexpressers  with  nNOS  and 
iNOS  knockout  mice  in  order  to  complete  the  remainder  of  Specific  Aim  L  We  have 
found  that  the  SOD/NOS  knockout  mice  are  viable.  5-6  animals  per  group  are  needed  for 
each  study  which  requires  breeding  a  large  number  of  crossed  animals. 

Publications  Relevant  to  Specific  Aim  1 

•  Ara,  J,  Przedborski,  S,  Naini,  AB,  Jackson-Lewis,  V,  Trifiletti,  RR,  Horvitz,  J, 
Ischiropoulos,  H.  Inactivation  of  tyrosine  hydroxylase  by  nitration  following 
exposure  to  peroxynitrite  and  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP).  PNAS  (USA),  95,  7659-63, 1998. 

•  Mandir,  AS,  Przedborski,  S,  Jackson-Lewis,  V,  Wang,  Z-Q,  Simbulan-Rosenthal, 
M,  Hoffman,  BE,  Guastella,  DB,  Dawson,  VL,  Dawson,  TM.  Poly  (ADP-ribose) 
polymerase  activation  mediates  MPTP-induced  parkinsonism.  PNAS  (USA),  96, 
5774-79,  1999. 

•  Pennathur,  S,  Jackson-Lewis,  Y,  Przedborski,  S,  Heinecke,  JW.  Mass 
spectrometric  quantification  of  3-nitrotyrosine,  ortho-tyrosine,  and  o,o'-dityrosine 
in  brain  tissue  of  l-methyl-4-phenyl-l,2,3,  6-  tetrahydropyridine-treated  mice,  a 
model  of  oxidative  stress  in  Parkinson's  disease.  J  Biol  Chem  274,  34621-28, 
1999 

•  Liberatore,  G,  Jackson-Lewis,  V,  Vukosavic,  S,  Mandir,  A,  Vila,  M,  McAuliffe, 
WF,  Dawson,  V,  Dawson,  TM,  Przedborski,  S.  Inducible  nitric  oxide  synthase 
stimulates  dopaminergic  neurodegeneration  in  the  MPTP  model  of  Parkinson 
disease.  Nat  Med  5, 1403-09, 1999. 

•  Vila,  M,  Vukosavic,  S,  Jackson-Lewis,  V,  Jalowec,  M,  Przedborski,  S.  a- 
Synuclein  upregulation  in  substantia  nigra  dopaminergic  neurons  following 
administration  of  the  parkinsonian  toxin  MPTP.  J  Neurochem,  74,  721-9,  2000. 
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•  Przedborski,  S,  Jackson-Lewis,  V,  Djaldetti,  R,  Liberatore,  G,  Vila,  M, 

Vukosavic,  S,  Aimer,  G.  The  Parkinsonian  toxin  MPTP:  action  and  mechanism. 
Restor  Neurol  Neurosci,  16, 135-42,  2000. 

•  Vila,  M,  Jackson-Lewis,  V,  Vukosavic,  S,  Djaldetti,  R,  Liberatore,  G,  Offen,  D, 
Kerseymore,  SJ,  Przedborski,  S.  Bax  ablation  prevents  dopaminergic 
neurodegeneration  in  the  MPTP  mouse  model  of  Parkinson’s  Disease.  PNAS 
(USA),  98,  2837-42,  2001. 

•  Przedborski,  S,  Chen,  Q,  Vila,  M,  Giasson,  BI,  Djaldetti,  R,  Vukosavic,  S,  Souza, 
JM,  Jackson-Lewis,  V,  Lee,  VMY,  Ischiropoulos,  H.  Oxidative  post-translational 
modifications  of  a-synuclein  in  the  MPTP  mouse  model  of  Parkinson’s  Disease. 
JNeurochem,  76,  637-40,  2001. 

•  Przedborski,  S,  Jackson-Lewis,  V,  Naini,  AB,  Jakowec,  M,  Petzinger,  G,  Miller, 

R,  Akram,  M.  The  parkinsonian  toxin  l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine  (MPTP):  a  technical  review  of  its  utility  and  safety.  J 
Neurochem,  76,  1265-74,  2001. 

•  Vila,  M,  Jackson-Lewis,  V,  Guegan,  C,  Wu,  DC,  Teismann,  P,  Choi,  DK,  Tieu, 

K,  Przedborski,  S.  The  role  of  glial  cells  in  Parkinson’s  Disease.  Curr  Opin 
Neurol,  14,  483-9,  2001. 

•  Wu,  DC,  Jackson-Lewis,  V,  Vila,  M,  Tieu,  K,  Teismann,  P,  Vadseth,  C,  Choi, 

DK,  Ischiropoulos,  H,  Przedborski,  S.  Blockade  of  microglial  activation  is 
neuroprotective  in  the  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  mouse  model 
of  Parkinson’s  Disease.  J  Neurosci,  22,  1763-71,  2002. 

•  Przedborski,  S,  Jackson-Lewis,  V,  Vila,  M,  Wu,  DC,  Teismann,  P,  Tieu,  K,  Choi, 
DK,  Cohen,  O.  Free  radicals  and  nitric  oxide  toxicity  in  Parkinson’s  Disease.  Adv 
Neurology  (in  press). 

Abstracts  Relevant  to  Specific  Aim  I 

•  Jackson-Lewis  V,  Neystat  M,  Lynch  T,  Vukosavic  S,  Burke  RE,  Przedborski  S. 
Increased  expression  of  a-synuclein  in  the  MPTP  mouse  model  of  Parkinson,  s 
disease  (PD).  50th  Annual  meeting  of  the  American  Academy  of  Neurology, 
Minneapolis  April  1998.  Neurology  50,  A97, 1998. 

•  Mandir  AS,  Przedborski  S,  Maini  AB,  Eliasson  JL,  Piepper  A,  Wang  ZQ, 
Snyder  S,  Dawson  VL,  Dawson  TM.  Poly  (ADP-ribose)  polymerase  (PARP) 
null  transgenic  mice  are  protected  against  MPTP  neurotoxicity.  50th  Annual 
meeting  of  the  American  Academy  of  Neurology,  Minneapolis  April  1998. 
Neurology  50,  A133,  1998. 

•  Naini  A,  Ischiropoulos  H,  Jackson-Lewis  V,  Ara  J,  Horwitz  J,  Przedborski  S. 
Tyrosine  nitration  inactivates  tyrosine  hydroxylase  (TH)  in  the  MPTP  mouse 
model  of  Parkinson.s  disease  (PD).  50th  Annual  meeting  of  the  American 
Academy  of  Neurology,  Minneapolis  April  1998.  Neurology  50,  A134, 1998. 

•  Przedborski  S.  What  can  we  learn  from  nitric  oxide  and  MPTP.  5th  International 
Congres  of  Movement  Disorders,  New  York,  New  York  1998.  Mov.  Disor.,  13 
(Suppl.  2),  4, 1998. 

•  Jackson-Lewis  V,  Przedborski  S.  MPTP-induces  necrosis  or  apoptosis  is  a 
dose-dependent  phenomenon.  5th  International  Congres  of  Movement  Disorders, 
New  York,  New  York  1998.  Mov.  Disor.,  13  (Suppl.  2),  257, 1998. 
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Neurodegeneration  in  the  MPTP-mouse  model  of  Parkinson,  s  disease  (2001). 
Society  for  Neuroscience  31st  Annual  Meeting  (2001),  San  Diego,  California. 

•  Dauer  W.  T.,  Kholodilov  N.  G.,  Vila  M.,  Trillat  A.  C.,  Staal  R.  G.,  Larsen  K.  E., 
GoodchildR.  E.,  Tieu  K.,  Schmitz  Y.,  Przedborski  S.,  Burke  R.  E.,  Hen  R. 
(2001)  a-synuclein  null  mice  are  resistant  to  MPTP-induced 
Neurodegeneration.  ).  Society  for  Neuroscience  31st  Annual  Meeting  (2001),  San 
Diego,  California. 

Specific  Aim  II 

As  stated  above,  there  are  three  isoforms  of  the  NOS  enzyme  and  we  have  determined 
that  iNOS  is  the  principle  NOS  isoform  that  is  involved  in  the  MPTP  neurotoxic  process. 
Of  note,  is  the  fact  that  considerable  iNOS  expression  has  been  found  in  the  SNpc  of 
post-mortem  tissues  from  PD  patients.  iNOS  upregulation  has  also  been  found  in  other 
situations  where  neurodegeneration  occurs  such  as  in  Alzeheimer’s  disease  and  stroke), 
thus,  the  speculation  that  an  inflammaroty  (microglia  involvement)  situation  may  be  part 
of  the  overall  neurodegenerative  process.  Since  iNOS  is  only  minimally  or  not  expressed 
at  all  in  the  brain  under  normal  conditions  and  is  up-regulated  following  MPTP 
administration,  Specific  Aim  II,  using  the  above-mentioned  techniques,  not  only 
addressed  the  question  of  the  main  source  of  NO  in  the  SNpc  following  MPTP 
administration  to  mice  but  also  demonstrated  which  type  of  cell  is  instrumental  in  the 
production  of  NO.  Microglia  are  the  main  source  of  NO  in  the  MPTP  neurotoxic  process. 
Minocycline,  a  tetracycline  can  effectively  attenuate  the  microglial  response  to  MPTP 
administration  in  the  brain. 

Publications  relevant  to  Specific  Aim  II. 

•  Liberatore,  G,  Jackson-Lewis,  V,  Vukosavic,  S,  Mandir,  A,  Vila,  M,  McAuliffe, 
WF,  Dawson,  V,  Dawson,  TM,  Przedborski,  S.  Inducible  nitric  oxide  synthase 
stimulates  dopaminergic  neurodegeneration  in  the  MPTP  model  of  Parkinson 
disease.  Nat  Med  5, 1403-09, 1999. 

•  Vila,  M,  Jackson-Lewis,  V,  Guegan,  C,  Wu,  DC,  Teismann,  P,  Choi,  DK,  Tieu, 

K,  Przedborski,  S.  The  role  of  glial  cells  in  Parkinson’s  Disease.  Curr  Opin 
Neurol,  14, 483-9, 2001. 

•  Wu,  DC,  Jackson-Lewis,  V,  Vila,  M,  Tieu,  K,  Teismann,  P,  Vadseth,  C,  Choi, 

DK,  Ischiropoulos,  H,  Przedborski,  S.  Blockade  of  microglial  activation  is 
neuroprotective  in  the  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  mouse  model 
of  Parkinson’s  Disease.  J  Neurosci,  22, 1763-71,  2002. 

•  Vila,  M,  Jackson-Lewis,  V,  Guegan,  C,  Wu,  DC,  Teismann,  P,  Choi,  DK,  Tieu, 

K,  Przedborski,  S.  The  role  of  glial  cells  in  Parkinson’s  Disease.  Curr  Opin 
Neurol,  14,  483-9,  2001. 

•  Przedborski,  S,  Jackson-Lewis,  V,  Vila,  M,  Wu,  DC,  Teismann,  P,  Tieu,  K,  Choi, 
DK,  Cohen,  O.  Free  radicals  and  nitric  oxide  toxicity  in  Parkinson’s  Disease.  Adv 
Neurology  (in  press). 
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•  Vukosavic  S,  Neystat  M,  Jackson-Lewis  V,  Przedborski  S.  Alterations  of 
synuclein  expression  by  MPTP.  5th  International  Congres  of  Movement 
Disorders,  New  York,  New  York  1998.  Mov.  Disor.,  13  (Suppl.  2),  258, 1998. 

•  Jackson-Lewis  V,  Vukosavic  S,  Neystat  M,  Przedborski  S.  Synuclein 
upregulation  following  MPTP  administration.  28th  meeting  of  the  Society  for 
Neuroscience  Los  Angeles.  Society  for  Neuroscience  Abstracts  24,  968, 1998. 

•  Vila  M,  Vukosavic  S,  Jackson-Lewis  V,  Przedborski  S.  Time  dependent  changes 
in  synuclein  expression  after  MPTP  intoxication.  51th  Annual  meeting  of  the 
American  Academy  of  Neurology,  Toronto  April  1999.  Neurology  52,  A344, 
1999. 

•  Liberatore  G,  Jackson-Lewis  V,  Przedborski  S.  Increased  iNOS  expression  and 
activity  in  the  mouse  substantia  nigra  following  MPTP  treatment.  51th  Annual 
meeting  of  the  American  Academy  of  Neurology,  Toronto  April  1999. 

Neurology  52,  A344, 1999. 

•  Djeldetti  R,  Jackson-Lewis  V,  Liberatore  G,  Vukosavic  S,  Przedborski  S. 
Relationship  between  NADPH-diaphorase  and  protein  inhibitor  of  neuronal 
NOS  (PIN)  in  dopaminergic  neurons  of  the  nigrostriatal  pathway.  51th 
Annual  meeting  of  the  American  Academy  of  Neurology,  Toronto  April  1999. 
Neurology  52,  A347, 1999. 

•  Vila  M,  Jackson-Lewis  V,  Vokosavic  S,  Przedborski  S.  Implication  of  □- 
synuclein  in  dopaminergic  neurodegneration  gfellowing  MPTP  intoxication. 

29th  meeting  of  the  Society  for  Neuroscience  Miami.  Society  for 
Neuroscience  Abstracts  25,  49, 1999. 

•  Liberatore  G,  Jackson-Lewis  V,  McAulifif  G,  Mandir  A,  Dawson  TM, 
Przedborski  S.  Role  of  iNOS  in  MPTP  neurotoxicity.  29th  meeting  of  the 
Society  for  Neuroscience  Miami.  Society  for  Neuroscience  Abstracts  25, 
1088, 1999. 

•  Vila  M.,  Jackson-Lewis  V.,  Djaldetti  R.,  Vukosavic  S.,  Offen  D.,  Kerseymere 
S.J.,  Przedborski  S.  The  pro-apoptotic  protein  Bax  induces  dopaminergic 
neurodegeneration  in  the  MPTP  mouse  model  of  Parkinson.s  disease.  30th 
meeting  of  the  Society  for  Neuroscience  New  Orleans.  Society  for  Neuroscience 
Abstracts  26, 11,  2000. 

•  Vila  M.,  Jackson-Lewis  V.,  Vukosavic  S.,  Djaldetti  R,  Offen  D ,  Kerseymere 
S.J.,  Przedborski  S.  The  pro-apoptotic  protein  Bax  induces  dopaminergic 
neurodegeneration  in  the  MPTP  mouse  model  of  Parkinson.s  disease.  6th 
International  Congres  of  Movement  Disorders,  Barcelona,  Spain  2000.  Mov. 
Disorder,  15  (Suppl.  3),  27,  2000. 

•  Djaldetti  R.,  Jackson-Lewis  V.,  Friedlander  R.,  Przedborski  S.,  Caspase-1  is 
involved  in  developmental  cell  death  in  the  SNPC  but  not  in  apoptosis  induced  by 
chronic  MPTP  toxicity.  52nd  Annual  meeting  of  the  American  Academy  of 
Neurology,  San  Diego,  CA,  April  2000.  Neurology  54  (Suppl  3):  A52,  2000. 

•  Jackson-Lewis  V.,  Liberatore  G.,  Vila  M.,  Przedborski  S.  Chronic  MPTP:  a  truer 
model  of  Parkinson.s  disease.  30th  meeting  of  the  Society  for  Neuroscience  New 
Orleans.  Society  for  Neuroscience  Abstracts  26,  754,  2000. 

•  Tieu  K.,  Vila  M.,  Jackson-Lewis  V.,  Zhang  H.  P.,  Stem  D.  M.,  Yan  S.  D.,  and 
Przedborski  S.  Amyloid  □  alcohol  dehydrogenase  prevents  dopaminergic 


11 


Abstracts  Relevant  to  Specific  Aim  II. 

•  Liberatore  G,  Jackson-Lewis  V,  Przedborski  S.  Increased  iNOS  expression  and 
activity  in  the  mouse  substantia  nigra  following  MPTP  treatment.  51th  Annual 
meeting  of  the  American  Academy  of  Neurology,  Toronto  April  1999. 

Neurology  52,  A344, 1999. 

•  Djeldetti  R,  Jackson-Lewis  V,  Liberatore  G,  Vukosavic  S,  Przedborski  S. 
Relationship  between  NADPH-diaphorase  and  protein  inhibitor  of  neuronal 
NOS  (PIN)  in  dopaminergic  neurons  of  the  nigrostriatal  pathway.  51th 
Annual  meeting  of  the  American  Academy  of  Neurology,  Toronto  April  1999. 
Neurology  52,  A347, 1999. 

•  Liberatore  G,  Jackson-Lewis  V,  McAulifF  G,  Mandir  A,  Dawson  TM, 
Przedborski  S.  Role  of  iNOS  in  MPTP  neurotoxicity.  29th  meeting  of  the 
Society  for  Neuroscience  Miami.  Society  for  Neuroscience  Abstracts  25, 

1088,  1999. 

Specific  Aim  III 

Peroxynitrite,  a  far  more  damaging  species  than  either  the  superoxide  radical  or  NO,  is 
thought  to  be  the  result  of  the  interaction  between  the  two.  For  Specific  Aim  III,  we  have 
measured  in  selected  brain  regions  of  normal  C57BL/6  mice  (Charles  River  Laboratories) 
3-nitrotyrosine,  o,o-dityrosine  and  orthotyrosine  following  MPTP  administration  using 
gas  chromatography  with  mass  spectrometry.  Having  not  only  demonstrated  that  this  is 
indeed  feasible  and  that  a  number  of  MPTP-induced  changes  do  occur,  we  are  now 
breeding  SOD1,  nNOS  and  iNOS  as  well  as  the  SOD  crosses  with  nNOS  and  iNOS 
knockout  mice  for  the  measurements  of  3-nitrotyrosine,  o,o-dityrosine  and  orthotyrosine 
in  these  mice  following  MPTP  administration.  Breeding  of  these  mice  has  to  be  done  on  a 
large  scale  as  they  will  used  for  both  Specific  Aims  I  and  III. 

Publications  Relevant  to  Specific  Aim  III. 

•  Ara,  J,  Przedborski,  S,  Naini,  AB,  Jackson-Lewis,  V,  Trifiletti,  RR,  Horvitz,  J, 
Ischiropoulos,  H.  Inactivation  of  tyrosine  hydroxylase  by  nitration  following 
exposure  to  peroxynitrite  and  1  -methyl-4-phenyl- 1 ,2,3,6-tetrahydropyridine 
(MPTP).  PNAS  (USA),  95,  7659-63,  1998. 

•  Mandir,  AS,  Przedborski,  S,  Jackson-Lewis,  V,  Wang,  Z-Q,  Simbulan-Rosenthal, 
M,  Hoffman,  BE,  Guastella,  DB,  Dawson,  VL,  Dawson,  TM.  Poly  (ADP-ribose) 
polymerase  activation  mediates  MPTP-induced  parkinsonism.  PNAS  (USA),  96, 
5774-79,  1999. 

•  Pennathur,  S,  Jackson-Lewis,  V,  Przedborski,  S,  Heinecke,  JW.  Mass 
spectrometric  quantification  of  3-nitrotyrosine,  ortho-tyrosine,  and  o,o'-dityrosine 
in  brain  tissue  of  l-methyl-4-phenyl- 1,2,3,  6-  tetrahydropyridine-treated  mice,  a 
model  of  oxidative  stress  in  Parkinson's  disease.  J  Biol  Chem  274,  34621-28, 
1999. 

•  Liberatore,  G,  Jackson-Lewis,  V,  Vukosavic,  S,  Mandir,  A,  Vila,  M,  McAuliffe, 
WF,  Dawson,  V,  Dawson,  TM,  Przedborski,  S.  Inducible  nitric  oxide  synthase 
stimulates  dopaminergic  neurodegeneration  in  the  MPTP  model  of  Parkinson 
disease.  Nat  Med  5,  1403-09, 1999. 
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•  Przedborski,  S,  Chen,  Q,  Vila,  M,  Giasson,  BI,  Djaldetti,  R,  Vukosavic,  S,  Souza, 
JM,  Jackson-Lewis,  V,  Lee,  VMY,  Ischiropoulos,  H.  Oxidative  post-translational 
modifications  of  a-synuclein  in  the  MPTP  mouse  model  of  Parkinson’s  Disease. 

J  Neurochem,  76,  637-40,  2001. 

•  Przedborski,  S,  Jackson-Lewis,  V,  Vila,  M,  Wu,  DC,  Teismann,  P,  Tieu,  K,  Choi, 
DK,  Cohen,  O.  Free  radicals  and  nitric  oxide  toxicity  in  Parkinson’s  Disease.  Adv 
Neurology  (in  press). 

Abstracts  Relevant  to  Specific  Aim  III. 

•  Naini  A,  Ischiropoulos  H,  Jackson-Lewis  V,  Ara  J,  Horwitz  J,  Przedborski  S. 
Tyrosine  nitration  inactivates  tyrosine  hydroxylase  (TH)  in  the  MPTP  mouse 
model  of  Parkinsons  disease  (PD).  50th  Annual  meeting  of  the  American 
Academy  of  Neurology,  Minneapolis  April  1998.  Neurology  50,  A134,  1998. 

Specific  Aim  IV 

The  goals  of  Specific  Aim  IV  are  to  assess  the  biological  consequences  of  protein 
nitration  by  assessing  whether  candidate  proteins  such  as  manganese  superoxide  and 
mitochondrial  electron  transport  chain  polypeptide  proteins  as  well  as  other  proteins  are 
nitrated.  We  have  studied  this  in  both  in  cell  cultures  exposed  to  peroxynitrite  and  in 
normal  mice  following  MPTP  administration.  Thus  far,  not  only  is  tyrosine  hydroxylase, 
the  rate-limiting  enzyme  in  the  production  of  catecholamines,  nitrated,  but  other  proteins 
such  as  a-synuclein,  a  presynaptic  protein  in  both  the  ventral  midbrain  and  the  striatum, 
is  also  nitrated.  Other  candidate  proteins  like  polypeptides  from  the  mitochondrial 
electron  transport  chain  and  manganese  superoxide  are  to  be  studied. 

Publications  Relevant  to  Specific  Aim  IV. 

•  Ara,  J,  Przedborski,  S,  Naini,  AB,  Jackson-Lewis,  V,  Trifiletti,  RR,  Horvitz,  J, 
Ischiropoulos,  H.  Inactivation  of  tyrosine  hydroxylase  by  nitration  following 
exposure  to  peroxynitrite  and  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP).  PNAS  (USA),  95,  7659-63, 1998. 

•  Przedborski,  S,  Chen,  Q,  Vila,  M,  Giasson,  BI,  Djaldetti,  R,  Vukosavic,  S,  Souza, 
JM,  Jackson-Lewis,  V,  Lee,  VMY,  Ischiropoulos,  H.  Oxidative  post-translational 
modifications  of  a-synuclein  in  the  MPTP  mouse  model  of  Parkinson’s  Disease. 

J  Neurochem,  76,  637-40,  2001. 

•  Przedborski,  S,  Jackson-Lewis,  V,  Vila,  M,  Wu,  DC,  Teismann,  P,  Tieu,  K,  Choi, 
DK,  Cohen,  O.  Free  radicals  and  nitric  oxide  toxicity  in  Parkinson’s  Disease.  Adv 
Neurology  (in  press). 

Abstracts  Relevant  to  Specific  Aim  IV. 

•  Jackson-Lewis  V,  Neystat  M,  Lynch  T,  Vukosavic  S,  Burke  RE,  Przedborski  S. 
Increased  expression  of  a-synuclein  in  the  MPTP  mouse  model  of  Parkinson,  s 
disease  (PD).  50th  Annual  meeting  of  the  American  Academy  of  Neurology, 
Minneapolis  April  1998.  Neurology  50,  A97, 1998. 

•  Mandir  AS,  Przedborski  S,  Maini  AB,  Eliasson  JL,  Piepper  A,  Wang  ZQ, 
Snyder  S,  Dawson  VL,  Dawson  TM.  Poly  (ADP-ribose)  polymerase  (PARP) 
null  transgenic  mice  are  protected  against  MPTP  neurotoxicity.  50th  Annual 
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meeting  of  the  American  Academy  of  Neurology,  Minneapolis  April  1998. 
Neurology  50,  A133, 1998. 

•  Naini  A,  Ischiropoulos  H,  Jackson-Lewis  V,  Ara  J,  Horwitz  J,  Przedborski  S. 
Tyrosine  nitration  inactivates  tyrosine  hydroxylase  (TH)in  theMPTP  mouse 
model  of  Parkinson.s  disease  (PD).  50th  Annual  meeting  of  the  American 
Academy  ofNeurology,  Minneapolis  April  1998.  Neurology  50,  A134, 1998. 

•  Vukosavic  S,  Neystat  M,  Jackson-Lewis  V,  Przedborski  S.  Alterations  of 
synuclein  expression  by  MPTP.  5th  International  Congres  of  Movement 
Disorders,  New  York,  New  York  1998.  Mov.  Disor.,  13  (Suppl.  2),  258, 1998. 

•  Jackson-Lewis  V,  Vukosavic  S,  Neystat  M,  Przedborski  S.  Synuclein 
upregulation  following  MPTP  administration.  28th  meeting  of  the  Society  for 
Neuroscience  Los  Angeles.  Society  for  Neuroscience  Abstracts  24,  968, 1998. 

•  Vila  M,  Vukosavic  S,  Jackson-Lewis  V,  Przedborski  S.  Time  dependent  changes 
in  synuclein  expression  after  MPTP  intoxication.  51th  Annual  meeting  of  the 
American 

•  Academy  ofNeurology,  Toronto  April  1999.  Neurology  52,  A344,  1999. 

•  Vila  M,  Jackson-Lewis  V,  Vokosavic  S,  Przedborski  S.  Implication  of  □- 
synuclein  in  dopaminergic  neurodegneration  following  MPTP  intoxication.  29th 
meeting  of  the  Society  for  Neuroscience  Miami.  Society  for  Neuroscience 
Abstracts  25,  49,  1999. 

•  Dauer  W.  T.,  Kholodilov  N.  G.,  Vila  M.,  Trillat  A.  C.,  Staal  R.  G.,  Larsen  K.  E., 
GoodchildR.  E  ,  TieuK.,  Schmitz  Y.,  Przedborski  S.,  Burke  R.  E.,  Hen  R.  a- 
synuclein  null  mice  are  resistant  to  MPTP-induced  Neurodegeneration. ). 
Society  for  Neuroscience  31st  Annual  Meeting  (2001),  San  Diego,  California. 


Discussion  and  Conclusions. 

Possessing  a  tool  like  MPTP  that  can  replicate  almost  all  of  the  hallmarks  of  PD  and  that 
has  produced  data  pertinent  to  the  oxidative  stress  hypothesis  of  PD  has  indeed  been  a 
gift.  In  following  the  salient  points  of  our  hypothesis  concerning  the  involvement  of  the 
superoxide  radical  and  NO  and  their  interaction  with  one  another  in  a  pathological 
situation,  we  find  that  both  the  superoxide  radical  and  NO  (both  reactive  species  [RS]) 
are  increased  following  MPTP  administration  (5,  15,16).  These  findings  are  important  in 
that  they  give  teeth  to  the  hypothesis  that  the  oxidative  stress  hypothesis  is  indeed  a 
heavy  player  in  both  PD  and  in  the  MPTP  mouse  model  of  PD.  In  our  early  work  on  this 
subject,  using  mice  that  overexpressed  SOD,  the  enzyme  that  detoxifies  the  superoxide 
radical,  we  found  that  the  SNpc  in  these  mice  was  protected  against  the  damaging  effects 
of  MPTP  whereas  normal  the  SNpc  in  normal  mice  not  protected  (5).  From  this,  we 
concluded  that  the  superoxide  radical  played  a  role  in  the  MPTP  neurotoxic  process. 
During  the  course  of  the  neurodegenerative  process  in  the  SN  of  MPTP-treated  mice,  we 
and  others  (15,  22,  23)  noted  a  strong  activation  of  microglia.  The  fact  that  there  are  three 
isoforms  of  the  NO-producing  enzyme,  nitric  oxide  synthase  (NOS)  and  the  fact  that  we 
have  demonstrated  that  blockade  of  nNOS  upregulation  by  7-nitroindazole  in  the  SNpc  of 
the  MPTP-treated  mouse  model  only  partially  protected  SNpc  DA  neurons  from  MPTP 
(6)  led  us  to  believe  that  our  hypothesis  that  other  NOS  isoforms  might  be  involved  in  the 
MPTP  neurotoxic  process.  Immunostaining  methods  as  well  as  Western  blot  analyses 
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have  proven  this  to  be  true  as  we  have  shown  us  that  following  MPTP  administration, 
eNOS  is  not  involved  (personal  communication)  here  but  that  iNOS  apparently  is.  iNOS 
is  induced  in  activated  microglia  and  activated  microglia  are  indicative  of  an 
inflammatory  response  (24-27).  Our  studies  demonstrate  a  strong  response  from  both 
microglia  as  well  as  from  astroglia  (15,  17)  during  the  cell  death  phase  following  MPTP 
administration  (28).  This  inflammatory  response  situation  seems  to  promote  die 
degeneration  of  the  DA  neurons  in  the  SNpc  following  MPTP  administration  as  other 
pro-inflammatory  compounds  such  as  IL-ip,  certain  cytokines  and  activation  of  several 
caspases  have  also  been  found  in  PD  brains  (29-32).  The  fact  that  activated  microglia 
have  been  demonstrated  in  the  post-mortem  SNpc  from  PD  brains  and  in  the  SNpc  of 
human  brains  exposed  to  MPTP  anywhere  from  three  to  sixteen  years  prior  to  death  along 
with  iNOS  upregulation  (33)  strongly  suggests  that  indeed  we  are  on  the  right  track.  We 
were  able  to  attenuation  this  microglial  response  following  MPTP  administration  using 
the  second  generation  tetracycline  antibiotic  minocycline  (17). 

Gliosis  is  a  striking  neuropathological  feature  in  the  SNpc  and  the  striatum  in  the  MPTP 
mouse  model  as  in  PD  (15,17,22,23).  However,  activated  microglia  appear  in  the  SNpc 
earlier  than  reactive  astrocytes  (15,17)  and  at  a  time  when  only  minimal  neuronal  death 
occurs  (28).  This  supports  the  contention  that  the  microglial  response  to  MPTP  arises 
early  enough  in  the  neurodegenerative  process  to  contribute  to  the  demise  of  SNpc 
dopaminergic  neurons.  Consistent  with  this,  is  the  demonstration  that  direct  injection  of 
the  known  microglial  activator  lipopolysaccharide  into  the  rat  SNpc  causes  a  strong 
microglia]  response  associated  with  significant  dopaminergic  neuronal  death  (34-36). 
Given  these  data,  the  key  to  the  minocycline  neuroprotective  effect  in  the  MPTP  mouse 
model  may  lie  in  our  finding  that  minocycline  prevented  the  MPTP-induced  microglial, 
but  not  astrocytic  response  in  both  the  SNpc  and  the  striatum.  Inhibition  of  microglial 
activation  using  minocycline  has  already  been  demonstrated  in  other  experimental 
models  of  brain  insults  (37-39)  and  results,  presumably,  from  the  blockade  of  P38 
mitogen-activated  protein  kinase  (37).  It  has  been  established  that  activated  microglia  can 
exert  cytotoxic  effects  in  the  brain  through  two  very  different  and  yet  complementary 
processes  (40).  First,  they  can  act  as  phagocytes,  which  involves  direct  cell-to-cell 
contact  and,  second,  they  are  capable  of  releasing  a  large  variety  of  potentially  noxious 
substances  (40).  Consistent  with  die  notion  that  minocycline  inhibits  the  ability  of 
microglia  to  respond  to  injuiy,  we  show  that  minocycline  not  only  prevents  the  microglial 
morphological  response  to  MPTP,  but  also  the  microglial  production  of  cytotoxic 
mediators  such  as  IL-ip  and  the  induction  of  critical  ROS  and  NO  producing  enzymes 
such  as  NADPH-oxidase  and  iNOS  (17).  Little  is  known  about  die  actual  role  of  IL-lp  in 
either  MPTP  or  PD  neurodegenerative  process,  except  that  IL-ip  immunoreactivity  is 
found  in  glial  cells  from  post-mortem  PD  SNpc  samples  (33)  and  that  blockade  of 
interleukin  converting  enzyme,  the  known  activator  of  IL-ip,  attenuates  MPTP-induced 
neurodegeneration  in  mice  (42).  As  for  ROS,  oxidative  stress  is  a  prominent  pathogenic 
hypothesis  in  both  MPTP  and  PD  (43,44).  However,  many  of  the  microglial-derived  ROS 
such  as  superoxide  cannot  readily  transverse  cellular  membranes  (43),  making  it  unlikely 
that  these  extracellular  reactive  species  gain  access  to  dopaminergic  neurons  and  trigger 
intraneuronal  toxic  events.  Alternatively,  superoxide  can  react  with  NO  in  the 
extracellular  space  to  form  the  highly  reactive  tissue-damaging  species,  peroxynitrite, 
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which  can  cross  the  cell  membrane  and  injure  neurons.  Therefore,  microglial-derived 
superoxide,  by  contributing  to  peroxynitrite  formation,  may  be  significant  in  the  MPTP 
model.  As  for  NO  in  both  MPTP  and  PD,  the  pivotal  pathogenic  role  for  microglial- 
derived  NO  is  supported  by  the  demonstration  that  ablation  of  iNOS  attenuates  SNpc 
dopaminergic  neuronal  death  (15)  and  the  production  of  ventral  midbrain  nitrotyrosine 
following  MPTP  administration  (17).  Remarkably,  iNOS  ablation  does  protect  SNpc 
neurons  from  MPTP  toxicity,  but  does  not  protect  striatal  nerve  terminals  and  does  not 
prevent  microglial  activation  (15).  This  is  in  striking  contrast  to  the  effect  of  minocycline 
treatment  which  protects  both  dopaminergic  cell  bodies  and  nerve  fibers  and  inhibits  the 
entire  microglial  response  (17)  and  strongly  suggests  that  microglial-associated 
deleterious  factors  other  than  iNOS  are  involved  in  the  demise  of  the  nigrostriatal 
pathway  in  the  MPTP  mouse  model  of  PD  and  possibly  in  PD  itself. 

Given  that  both  the  superoxide  radical  and  NO  are  only  mildly  toxic  to  tissues,  a  stronger, 
more  toxic  compound  is  necessary  to  overwhelm  the  existing  antioxidant  protective 
systems  in  the  brain.  The  theory  that  peroxynitrite  might  be  the  actual  culprit  is  supported 
by  our  demonstration  of  the  nitration  and  inactivation  of  tyrosine  hydroxylase  in  vitro 
following  exposure  of  HEK293  cells  to  peroxynitrite  and  in  vivo  following  exposure  of 
the  mouse  ventral  midbrain  to  MPTP  (19).  Measurement  of  3 -nitrotyrosine  was  the 
indicator  that  tyrosine  nitration  had  occurred  (45).  Nitrotyrosine  is  a  stable  fingerprint  of 
NO-derived  attack  on  protein  which  has  been  documented  as  one  of  the  main  markers  of 
oxidative  damage  mediated  by  MPTP  (46).  Consistent  with  our  previous  studies  (26,44), 
nitrotyrosine  levels  are  consistently  increased  substantially  in  brain  regions  affected  by 
MPTP,  such  as  ventral  midbrain,  but  not  in  brain  regions  unaffected  by  MPTP,  such  as 
cerebellum  (15,  17).  As  with  the  loss  of  SNpc  neurons  and  striatal  fibers,  minocycline 
dramatically  attenuated  ventral  midbrain  increases  in  nitrotyrosine  levels  (17). 
Collectively  our  data  demonstrate  that  minocycline  protects  against  morphological  as 
well  as  biochemical  abnormalities  that  arise  from  MPTP  insult. 

We  demonstrated  that  a-synuclein  is  a  specific  target  for  tyrosine  nitration  in  a  cell  model 
as  well  as  in  the  mouse  brain  after  MPTP  challenge.  First,  non-transfected  HEK293  cells 
and  HEK293  cells  overexpressing  human  a-synuclein  or  p-synuclein  were  exposed  to 
peroxynitrite  (46).  This  resulted  in  the  nitration  of  a  number  of  proteins  as  demonstrated 
by  the  Western  blot  analysis  using  an  anti-nitrotyrosine  antibody.  However,  only 
HEK293  cells  transfected  with  a-synuclein  showed  a  nitrated  protein  band  with  the 
molecular  mass  corresponding  to  a-synuclein.  To  demonstrate  that  a-synuclein  was 
indeed  nitrated,  the  total  protein  extract  was  subjected  to  immunoprecipitation  using  an 
anti-a-synuclein  antibody  and  then  the  recovered  immunoprecipitated  protein  was  probed 
with  the  anti-3 -nitrotyrosine  antibody.  This  experiment  confirmed  that  a  significant 
fraction  of  the  immunoprecipitated  a-synuclein  was  definitely  nitrated  in  the  cells 
exposed  to  peroxynitrite,  but  not  in  untreated  cells  or  in  cells  exposed  to  decomposed 
reagent. 

Given  these  results,  we  then  proceeded  to  assess  whether  a-synuclein  was  nitrated  in  the 
MPTP  mouse  model  of  PD.  The  use  of  this  particular  experimental  model  has  been 
motivated  by  the  fact  that,  thus  far,  significant  insights  into  the  pathogenesis  of  PD  have 
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been  achieved  using  this  neurotoxin,  which  replicates  in  humans  and  in  non-human 
primates  a  severe  and  irreversible  PD-like  syndrome,  with  concomitant  degeneration  of 
dopaminergic  neurons  (7).  Moreover,  several  studies  have  indicated  that  reactive  nitrogen 
species  and  tyrosine  nitration  not  only  occur  in  this  model  but  also  participate  in  the 
MPTP  neurotoxic  process  (6,  9,  21,47). 

Immunoprecipitation  of  a-synuclein  was  performed  in  striatum  and  ventral  midbrain,  the 
two  main  targets  of  MPTP  neurotoxicity  (7).  Immunoprecipitated  a-synuclein  from 
striatum  and  ventral  midbrain,  was  selectively  nitrated  4  hours  after  the  MPTP  challenge. 
Conversely,  immunoprecipitation  of  a-synuclein  from  striatum  and  ventral  midbrain  of 
saline-injected  mice,  also  at  4  hours  post-injection  did  not  reveal  any  detectable  nitration 
of  the  protein.  In  contrast  to  the  robust  tyrosine  nitration  of  a-synuclein,  no  tyrosine 
nitration  was  detected  in  two  other  pre-synaptic  proteins,  P-synuclein  and  synaptophysin, 
following  a  similar  MPTP  regimen.  This  observation  is  consistent  with  our  previous 
finding  that  only  selected  proteins  are  tyrosine-nitrated  after  MPTP  exposure  (19, 46)  and 
with  the  observation  that  a-synuclein  but  not  B-synuclein  is  nitrated  after  exposure  of 
cells  to  the  same  peroxynitrite  challenge.  Moreover,  this  observation  is  consistent  with 
the  demonstrations  that  nitrated  a-synuclein  is  present  in  the  hallmark  lesions  in  a  number 
of  human  neurodegenerative  synucleinopathies  (48, 49,  50). 

The  higher  efficiency  of  a-synuclein  nitration  is  likely  due  to  the  unstructured 
conformation  of  the  protein  in  aqueous  solution,  exposing  all  four  tyrosine  residues  to 
solvent  phase  increasing  the  probability  for  the  reaction  with  nitrating  agents.  Moreover, 
glutamate  residues,  a  structural  conformation  associated  with  enhanced  susceptibility  of 
tyrosine  to  nitration,  are  near  all  three  tyrosine  residues  125,  133  and  136  in  the  carboxy 
terminal  domain  of  a-synuclein.  Indeed,  purified  human  a-synuclein  exposed  to  the 
nitrating  agent  in  vitro  and  analyzed  by  electrospray  mass  spectrometry,  revealed  that 
nitration  of  a-synuclein  occurs  at  all  four  tyrosine  residues  (51).  In  addition  to  nitration, 
exposure  of  a-synuclein  to  nitrating  agents  also  results  in  the  stable  cross-linking  of  the 
protein  via  the  formation  of  dityrosine  (51).  In  contrast,  B-synuclein  is  nitrated  to  a  lesser 
extent  than  a-synuclein  in  vitro  and  does  not  form  stable  0-0  ’dityrosine  crosslinks  after 
exposure  to  nitrating  agents  despite  the  presence  of  all  four  conserved  tyrosine  residues  in 
both  proteins  (51).  More  significantly,  we  show  here  that  in  two  in  vivo  models,  a- 
synuclein  is  selectively  nitrated,  whereas  nitration  of  p-synuclein  is  below  detectable 
limits.  The  preferential  nitration  and  oxidation  of  tyrosine  residues  in  a-synuclein  could 
be  due  to  the  accessibility  of  tyrosine  residues  to  nitrating  agents  and  by  the  presence  of 
the  protein  in  close  proximity  to  the  site(s)  of  generation  of  the  nitrating  agent.  Our 
results  raise  the  possibility  that  both  syn  proteins  may  have  different  confirmations  or  that 
P-synuclein  may  be  protected  from  oxidation  perhaps  by  different  interacting  partners  in 
vivo.  We  have  previously  argued  that  proximity  to  sites  of  superoxide  generation  may  be 
important  in  determining  proteins  modified  by  nitration  as  overexpression  of  superoxide 
dismutase  and  superoxide  mimetics  have  been  shown  to  prevent  the  nitration  of  proteins 
in  vivo  and  in  cell  models  (19,  52,  53). 

The  significance  of  the  tyrosine  nitration  of  a-synuclein  remains  unclear.  Tyrosine 
nitration  induces  secondary  and  tertiary  structural  alterations,  which  may  critically 
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modify  protein  functions  (45).  The  change  in  the  ionization  state  of  the  modified  protein 
induced  by  a  local  shift  in  the  pKa  from  10.01  of  tyrosine  to  7.5  of  3-nitrotyrosine  and  the 
consequent  changes  in  hydrophobicity  and  conformation  may  facilitate  interactions  with 
other  proteins,  promoting  protein  aggregation.  Preliminary  data  indeed  indicate  an 
increased  adherence  of  brain  mouse  extracts  to  nitrated  a-synuclein  compared  to  the 
unmodified  wild  type  protein  (Chen  et  al.  unpublished  observation).  Collectively,  the  data 
indicate  that  a-synuclein  is  a  preferential  target  for  oxidative  stress-mediated  post- 
translational  modifications.  These  alterations  may  trigger  abnormal  protein 
compartmentalization  and  aggregation,  two  phenomena  that  are  potential  culprits  for  the 
neurodegeneration  process  in  PD.  Thus,  our  evidence  for  the  involvement  of  the 
superoxide  radical  and  NO  in  the  degeneration  of  SNpc  DA  neurons  and  the  far-reacjing 
consequences  thereof  are  germaine  to  the  oxidative  stress  theory  of  PD  and  to  file 
neurotoxic  effects  of  MPTP. 
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ABSTRACT  The  decrement  in  dopamine  levels  exceeds 
the  loss  of  dopaminergic  neurons  in  Parkinson’s  disease  (PD) 
patients  and  experimental  models  of  PD.  This  discrepancy  is 
poorly  understood  and  may  represent  an  important  event  in 
the  pathogenesis  of  PD.  Herein,  we  report  that  the  rate- 
limiting  enzyme  in  dopamine  synthesis,  tyrosine  hydroxylase 
(TH),  is  a  selective  target  for  nitration  following  exposure  of 
PC12  cells  to  either  peroxynitrite  or  l-methyI-4-phenylpyri- 
diniun  ion  (MPP+).  Nitration  of  TH  also  occurs  in  mouse 
striatum  after  MPTP  administration.  Nitration  of  tyrosine 
residues  in  TH  results  in  loss  of  enzymatic  activity.  In  the 
mouse  striatum,  tyrosine  nitration-mediated  loss  in  TH  ac¬ 
tivity  parallels  the  decline  in  dopamine  levels  whereas  the 
levels  of  TH  protein  remain  unchanged  for  the  first  6  hr  post 
MPTP  injection.  Striatal  TH  was  not  nitrated  in  mice  over¬ 
expressing  copper/zinc  superoxide  dismutase  after  MPTP 
administration,  supporting  a  critical  role  for  superoxide  in 
TH  tyrosine  nitration.  These  results  indicate  that  tyrosine 
nitration-induced  TH  inactivation  and  consequently  dopa¬ 
mine  synthesis  failure,  represents  an  early  and  thus  far 
unidentified  biochemical  event  in  MPTP  neurotoxic  process. 
The  resemblance  of  the  MPTP  model  with  PD  suggests  that  a 
similar  phenomenon  may  occur  in  PD,  influencing  the  severity 
of  parkisonian  symptoms. 


Parkinson’s  disease  (PD)  is  a  common  neurodegenerative 
disorder  characterized  by  disabling  motor  abnormalities  at¬ 
tributed  to  a  profound  deficit  in  dopamine  (1).  The  decline  in 
dopamine  level  has  been  thought  to  arise  solely  from  the  severe 
loss  of  dopaminergic  neurons  in  the  nigrostriatal  pathway. 
However,  the  dopamine  deficit  in  the  affected  regions  of  the 
brain  significantly  exceed  the  loss  of  dopaminergic  neurons  (2, 
3),  suggesting  that  dopamine  synthesis  is  impaired  before 
cellular  demise.  Support  for  this  hypothesis  comes  from  studies 
of  experimental  models  of  PD  demonstrating  that  the  reduc¬ 
tion  in  dopamine  metabolism-related  markers  such  as  tyrosine 
hydroxylase  (TH)  and  dopamine  transporter  is  far  greater  than 
the  loss  of  neuronal  cell  bodies  (4-6).  Because  the  severity  of 
PD  symptoms  correlates  with  the  magnitude  of  dopamine 
deficit,  elucidating  mechanisms  that  impair  dopamine  synthe¬ 
sis  and  metabolism  in  neurons  that  undergo  selective  degen¬ 
eration  in  PD  may  have  important  therapeutic  implications. 

There  is  experimental  evidence  from  studies  of  humans  and 
animals  in  support  of  the  hypothesis  that  oxidative  stress 
contributes  to  the  pathogenesis  of  PD  (7).  Studies  performed 
in  the  MPTP  model  of  PD  suggest  that  peroxynitrite,  a  reactive 
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species  formed  by  the  nearly  diffusion-limited  reaction  of  nitric 
oxide  with  superoxide,  may  be  a  mediator  of  nigrostriatal 
damage  in  PD  (8-10).  The  potential  role  of  peroxynitrite  in  the 
pathogenesis  of  PD  is  further  supported  by  demonstrating  that 
exposure  of  the  monoamine-producing  PC12  cells  to  peroxyni¬ 
trite  induced  a  dose-dependent  alteration  in  dopamine  syn¬ 
thesis  that  was  not  due  to  cell  death  or  the  oxidation  of 
dopamine  (11). 

Based  on  these  observations,  we  propose  that  the  inhibition 
of  dopamine  metabolism  in  PD  may  result  from  the  peroxyni- 
trite-mediated  inactivation  of  TH,  the  rate  limiting  enzyme  in 
dopamine  synthesis.  Previous  work  has  shown  that  protein 
tyrosine  residues  are  a  major  target  of  peroxynitrite  reactivity. 
The  nitration  of  the  ortho  position  of  tyrosine  by  peroxynitrite 
occurs  spontaneously  as  well  as  by  CO2  or  low  molecular  mass 
transitional  metal  catalysis  (12-14).  The  latter  mechanism  may 
be  particularly  relevant  to  PD  because  the  free  iron  content  in 
affected  brain  regions  is  markedly  increased  (15,  16).  Protein 
associated  or  free  nitrotyrosine  has  been  detected  in  human 
postmortem  specimens  of  patients  with  neurodegenerative 
disorders  such  as  Alzheimer’s,  multiple  sclerosis,  and  amyo¬ 
trophic  lateral  sclerosis,  as  well  as  in  animal  models  of  neu¬ 
rodegeneration  (17-23). 

Therefore,  experiments  were  performed  to  test  the  hypoth¬ 
esis  that  the  inactivation  of  dopamine  synthesis  is  caused  by 
nitration  of  TH  by  peroxynitrite  in  models  of  PD.  Nitration  of 
TH  was  examined  in  PC12  cells  challenged  with  different 
concentrations  of  peroxynitrite  and  l-methyl-4-phenylpyri- 
dinium  ion  (MPP+),  the  active  metabolite  of  MPTP  (24),  as 
well  as  in  mice  treated  with  MPTP.  Nitration  of  TH  was 
detected  and  quantified  by  immunoprecipitation  and  reaction 
with  affinity  purified  anti-nitrotyrosine  antibodies  and  amino 
acid  analysis.  Nitrated  TH  was  found  in  all  models,  and  the 
extent  of  TH  nitration  correlated  with  loss  of  TH  catalytic 
activity  and  decline  in  dopamine  levels. 

MATERIALS  AND  METHODS 

Exposure  of  PC12  Cells  and  Tyrosine  Hydroxylase  to  Per¬ 
oxynitrite.  Peroxynitrite  was  synthesized  from  nitrite  and 
hydrogen  peroxide.  The  concentration  of  peroxynitrite  was 
measured  by  the  increase  in  absorbance  at  302  nm  (e302  nm  = 
1,700  M-1  cm-1)  in  1.2  M  NaOH.  The  peroxynitrite  was  added 
to  the  samples  as  a  small  drop  along  the  wall  of  the  tube  just 
above  the  reaction  mixture  and  then  rapidly  mixed  by  vortex- 
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ing.  The  pH  of  the  buffer  was  the  same  after  each  addition  of 
peroxynitrite.  PC12  cells  were  washed  with  Earle’s  balanced 
salt  solution,  scraped  off  the  plates,  and  centrifuged  at  800  x 
g  for  5  min,  and  the  pellet  was  solubilized  with  lysis  buffer  (20 
mM  Tris-HCl,  pH  7.4/150  mM  NaCl/4  mM  EGTA/10% 
glycerol/1%  Triton  X-100)  (Bio-Rad). 

Immunoprecipitation  of  Tyrosine  Hydroxylase  and  Nitro- 
tyrosine  Detection.  Mice  brain  homogenates  and  PC12  cell 
lysates  were  precleared  with  protein  G-Sepharose  (Pharmacia) 
(1  hr  at  4°C)  to  reduce  the  amount  of  protein  precipitated 
nonspecifically.  The  mixture  was  centrifuged  for  1  min  at 
10,000  rpm  to  pellet  the  beads  with  nonspecifically  bound 
proteins.  Five  microliters  of  anti-tyrosine  hydroxylase  mAbs  (1 
mg/ml)  were  incubated  for  12  hr  at  4°C  with  500  pi  of 
appropriately  diluted  samples  in  lysis  buffer  containing  1  mM 
PMSF,  10  mg/ml  aprotinin,  0.2  mM  sodium  orthovanidate, 
and  1  mg/ml  leupeptin.  The  immune  complexes  were  precip¬ 
itated  with  30  pi  of  25%  wt/vol  protein  G-Sepharose  (rotating 
the  suspension  for  1  hr  and  30  min  at  4°C)  after  which  the  beads 
were  collected  by  centrifugation  and  washed  three  times  with 
lysis  buffer.  The  beads  were  finally  suspended  in  50  pi  of 
sample  buffer  containing  SDS  and  2-mercaptoethanol  and 
heated  at  >90°C  for  5-10  min.  The  protein  G-Sepharose  was 
pelleted  by  centrifugation  for  1  min,  and  supernatant  was 
analyzed  by  SDS  gel  electrophoresis  on  12%  running  gels. 
Proteins  were  transferred  to  0.2-mm  nitrocellulose  membranes 
(Schleicher  &  Schull)  and  reacted  with  either  a  polyclonal 
anti-tyrosine  hydroxylase  1:3,000  dilution  (Eugene  Tech, 
Ridgefield,  NJ)  or  1.0  pg/ml  affinity  purified  rabbit  anti- 
nitrotyrosine  antibodies  that  were  preconjugated  overnight  at 
4°C  with  1:3,000  dilution  of  horseradish  peroxidase  labeled- 
goat  anti-rabbit  IgG  (H+L;  Bio-Rad).  After  washing,  the 
nitrocellulose  was  incubated  with  chemiluminescent  substrate 
(Amersham)  and  then  exposed  to  the  x-ray  film  (AIF,  Fuji). 

Animals  and  Treatment.  Eight-week-old  male  C57/bl  mice 
(25-30  g;  Charles  River  Breeding  Laboratories)  were  housed 
three  per  cage  in  a  temperature-controlled  room  under  a  12-hr 
light/dark  cycle  with  free  access  to  food  and  water.  On  the  day 
of  the  experiment,  mice  received  four  i.p.  injections  of 
MPTP-HC1  (20  mg/kg  free  base;  Research  Biochemicals)  in 
saline  at  2  hr  intervals;  control  mice  received  saline  only. 
MPTP-injected  mice  (4-6  per  group)  were  killed  0,  3,  and  6 
hr  after  the  last  injection.  Right  and  left  striata  were  rapidly 
dissected  on  ice,  immediately  frozen  on  dry  ice,  and  stored  at 
-80°C  until  analysis  (3).  To  examine  the  effects  of  copper/zinc 
superoxide  dismutase  (SOD1)  activity  on  tyrosine  nitration  of 
the  enzyme  tyrosine  hydroxylase,  hemizygote  male  (aged  2-8 
mo)  SF-218  mice  also  were  injected  with  MPTP  as  above. 
These  mice  carry  eight  copies  of  the  wild-type  human  SOD1 
gene,  presumably  in  tandem  array,  and  have  "“fourfold  higher 
striatal  and  ventral  midbrain  SOD1  activity  compared  with 
their  nontransgenic  littermates  (25). 

Measurement  of  Striatal  Dopamine  Levels.  HPLC  with 
electrochemical  detection  was  used  to  measure  striatal  levels 
of  dopamine.  On  the  day  of  the  assay,  frozen  tissue  samples 
were  sonicated  in  50  vol  (wt/vol)  of  0.1  M  perchloric  acid 
containing  25  ng/ml  dihydrobenzylamine  (Sigma)  as  internal 
standard.  After  centrifugation  (15,000  X  g,  10  min,  4°C),  20  pi 
of  supernatant  was  injected  onto  a  C18-reversed  phase  RP-80 
catecholamine  column  (ESA,  Bedford,  MA).  The  mobile 
phase  consisted  of  90%  of  a  solution  of  50  mM  sodium 
phosphate,  0.2  mM  EDTA,  and  1.2  mM  heptanesulfonic  acid 
(pH  3.5),  and  10%  methanol.  Flow  rate  was  1.0  ml/min.  Peaks 
were  detected  by  a  Coulochem  5100A  detector  (El  =  -0.04 
V,  E2  =  +0.35  V)  (ESA).  Data  were  collected  and  processed 
on  a  computerized  Dinamax  data  manager  (Rainin,  Woburn, 
MA). 

Tyrosine  Hydroxylase  Activity.  A  radiometric  assay  based 
on  the  release  of  [3H]HzO  from  L-[ring-3,5-3H]tyrosine  (NEN) 
was  used  to  determine  the  striatal  catalytic  activity  of  tyrosine 


hydroxylase  (26).  Frozen  samples  were  sonicated  in  10  vol 
(wt/vol)  50  mM  Mes  (pH  6.1)  and  centrifugated  (15,000  X  g, 
10  min,  4°C).  In  a  total  volume  of  100  pi,  50  pi  of  supernatant 
were  mixed  with  25  pi  of  a  mixture  containing  2.5  nmol 
L-tyrosine,  1  mCi  (1  Ci  =  37  GBq)  L-[ring-3,5-3H]tyrosine 
(specific  activity  50  Ci/mmol,  NEN),  0.5  mmol  DTT,  and  15 
pi  catalase  (80  units/ml).  The  reaction  was  started  by  adding 
10  pi  of  10  mM  6(R)-L-erythro-5,6,7,8-tetrahydrobiopterin 
(BH4,  Sigma);  for  blank,  BH4  was  omitted  and  10  pi  of  Mes 
buffer  was  added  instead.  At  the  end  of  the  incubation  (20  min, 
37°C),  1  ml  of  cold  7.5%  activated  charcoal  (R-60,  Fisher 
Scientific)  suspension  in  1  M  HC1  was  added  to  each  tube, 
vortexed,  and  centrifuged  (2,000  X  g,  5  min,  25°C).  Then,  0.4 
ml  of  the  supernatant  was  mixed  with  4  ml  of  Acquasol-II 
(NEN),  and  radioactivity  was  counted  by  scintillation  spec¬ 
trometry.  Protein  concentrations  were  determined  by  using  the 
Bradford  assay  (Pierce). 

Tyrosine  Hydroxylase  Protein.  An  ELISA  was  used  to 
measure  striatal  content  of  tyrosine  hydroxylase  protein  ac¬ 
cording  to  the  method  reported  by  Reinhard,  Jr.  et  al  (27)  with 
minor  modifications.  Falcon  96-well  polystyrene  ELISA  plates 
(Fisher  Scientific)  were  coated  with  10  ng/well  of  rabbit 
polyclonal  anti-tyrosine  hydroxylase  (Gift  from  J.  W.  Haycock, 
Louisiana  State  University  Medical  Center,  New  Orleans)  in 
10  mM  sodium  phosphate  buffer  (pH  7.4)  containing  100  mM 
NaCl  (PBS)  by  overnight  incubation  at  4°C.  The  plates  were 
then  washed  (PBS  containing  0.05%  Tween  20),  blocked  with 
1%  BSA  in  PBS  (1  hr,  25°C),  and  stored  at  4°C.  On  the  day  of 
the  assay,  frozen  samples  were  homogenized  (glass/glass 
homogenizer)  in  10  vol  (wt/vol)  PBS  containing  1  mg/ml 
leupeptin  (Sigma).  After  centrifugation  (15,000  X  g,  10  min, 
4°C),  100  pi  of  supernatant  diluted  at  1 :75  in  buffer  were  added 
to  the  well  and  incubated  (30  min,  37°C);  for  blanks,  100  pi  of 
buffer  were  added  instead  of  supernatant.  The  plates  were 
successively  incubated  with  1:16,000  mouse  monoclonal  anti¬ 
tyrosine  hydroxylase  (TH-16,  Sigma),  1:400  biotinylated  anti¬ 
mouse  IgG  (Vector,  Burlingame,  CA),  and  1:200  horseradish 
peroxidase  conjugated-streptavidin  (Vector)  in  PBS;  between 
each  of  these  incubations  (30  min,  37°C),  plates  were  washed 
twice  with  PBS/0.05%  Tween  20  at  25°C.  After  the  last  wash, 
100  pi  of  horseradish  peroxidase  substrate  2,2'-azino-bis(3- 
ethylbenzthiazoline-6-sulfonic  acid)  (ABTS;  Vector)  was 
added  to  each  well  and  the  plate  was  incubated  (20  min,  25°C) 
in  the  dark  before  being  read  at  405  nm  (with  reference  at  450 
nm)  on  a  computerized  dual  microplate  reader  (Bio-Rad 
model  3550).  Tyrosine  hydroxylase  content  (pg/mg  protein) 
was  derived  from  a  purified  rat  tyrosine  hydroxylase  standard 
curve  with  a  linear  concentration  range  of  1.25-20  ng/well. 

Two-Dimentional  Electropheresis.  Brain  tissue  was  dis¬ 
sected  and  sonicated  immediately  in  ice-cold  PBS  (pH  7.4), 
and  the  sonicate  was  centrifuged  at  13,000  x  g  for  20  min.  The 
supernatant  obtained  was  either  analyzed  immediately  or 
stored  at  -70°C;  the  pellet  was  resolubilized  in  10  vol  PBS  and 
stored  at  -70°C.  Proteins  (100  pg/tube)  were  first  separated 
by  isoelectric  focusing  in  capillary  tubes  by  using  pH  3-10 
ampholytes  (Bio-Rad).  Denaturing  SDS/PAGE  was  per¬ 
formed  on  miniature  8%  polyacrylamide  gels  enabling  sepa¬ 
ration  of  proteins  with  apparent  molecular  mass  of  5-200  kDa. 
Color  molecular  weight  markers  (Sigma)  were  run  in  all  gels, 
enabling  visual  verification  that  the  membrane  transfer  was 
complete.  To  calibrate  the  pH,  parallel  runs  were  performed 
by  using  pi  markers  (Sigma).  Before  staining,  blots  were 
incubated  overnight  at  4°C  in  a  5%  blocking  solution  (nonfat 
dry  milk  in  PBS,  pH  7.4).  Blots  were  then  washed  three  times 
for  5  min/wash  in  PBS  containing  0.05%  Tween-20  and  a 
5-min  wash  in  PBS.  Blots  were  incubated  at  25°C  in  a  primary 
antibody  solution  of  1  pg/ml  anti-nitrotyrosine  antibody  in  3% 
blocking  buffer.  Blots  were  then  washed  and  incubated  1  hr  in 
biotinylated  secondary  antibody  (goat  anti-rabbit  IgG;  Sigma) 
in  3%  blocking  buffer.  Blots  were  then  washed  and  incubated 
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30  min  in  streptavidin-biotin-linked  horseradish  peroxidase 
solution  and  visualized  with  chemiluminescence  as  described 
above.  Appropriate  controls  showed  that  all  staining  can  be 
eliminated  by  either  elimination  of  the  primary  antibody  or  by 
including  10  mM  3-nitrotyrosine  in  the  initial  primary  antibody 
solution  (28). 


RESULTS 

PC12  Cell  Models.  PC12  cell  lysates  rich  in  TH  were  treated 
with  different  concentrations  of  peroxynitrite,  and  immuno- 
precipitated  TH  was  reacted  with  affinity  purified  anti- 
nitrotyrosine  antibodies.  As  expected,  exposure  to  peroxyni¬ 
trite  resulted  in  a  dose-dependent  nitration  of  TH  (Fig.  1A). 
The  degree  of  TH  nitration  correlated  with  the  loss  of 
enzymatic  activity  (Fig.  IB).  TH  activity  was  assayed  under 
optimal  conditions  to  insure  that  the  decline  in  activity  is  not 
related  to  availability  of  substrate  or  cofactor  but  to  TH 
modification(s).  Other  amino  acid  residues  susceptible  to 
peroxynitrite  attack  are  tryptophan,  cysteine,  and  methionine. 
The  content  of  tryptophan  in  purified  TH  was  determined  by 
measuring  the  fluorescence  of  the  indole  ring  (excitation  A  = 
325  nm  and  emission  A  =  410  nm).  Rat  and  human  TH 
contains  three  tryptophan  residues  that  are  sufficient  to  permit 
accurate  detection  of  fluorescence.  There  was  no  difference  in 
the  fluorescence  of  the  indole  ring  of  unreacted  purified  TH 
and  TH  reacted  with  up  to  1  mM  peroxynitrite.  Amino  acid 
analysis  of  purified  TH  before  and  after  reaction  with  per¬ 
oxynitrite  did  not  reveal  any  other  change  in  the  recovery  of 
amino  acids  including  methionine.  Therefore,  in  the  absence 
of  any  other  amino  acid  modification,  tyrosine  nitration  is  the 
primary  reason  for  the  inactivation  of  the  enzyme.  Moreover, 
amino  acid  analysis  of  purified  TH  exposed  to  peroxynitrite 
revealed  that  the  same  mol  percentage  of  nitrotyrosine  (0.32  ± 
0.03)  was  present  irrespective  of  the  peroxynitrite  concentra¬ 
tion.  Exposure  of  purified  TH  to  2  mM  peroxynitrite  results  in 
nitration  of  all  TH  molecules,  and  thus  under  this  condition, 
the  0.32  mol  percent  represents  nitration  of  a  single  tyrosine 
residue  in  every  TH  molecule. 

PC12  cells  also  were  exposed  for  1  hr  to  different  concen¬ 
trations  of  MPP+.  In  similar  to  exposure  to  peroxynitrite, 
MPP+  induced  the  nitration  of  TH  (Fig.  2).  It  is  important  to 
note  that  the  PC12  cells  used  in  these  experiments  contain  the 
neuronal  form  of  nitric  oxide  synthase  (nNOS),  documented 
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Nitration  of  TH  molecules  results  in  proportional  loss  of 
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Fig.  2.  (A)  Immunoprecipitation  of  TH  after  1-hr  treatment  of 

PC12  cells  with  different  concentrations  of  MPP+.  ( B )  Nitration  of 
tyrosine  residues  in  the  immunoprecipitated  TH  was  evaluated  by 
reaction  with  the  anti-nitrotyrosine  antibodies.  Representative  data 
from  three  independent  experiments. 

by  Western  blot  analysis  (not  shown)  and  by  the  presence  of 
nitric  oxide  metabolites,  nitrite  and  nitrate.  Under  our  exper¬ 
imental  conditions,  lysates  of  1  X  106  cells  contain  3.7  ±  0.4 
{jlM  nitrite  plus  nitrate.  Moreover,  1  hr  after  exposure  to 
MPP+,  the  cells  were  viable  and  capable  of  reducing  3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bromide  (MTT) 
to  formazan.  Control  cells  value  for  MTT  reduction  was 
0.800  ±  0.07  absorbance  at  570  nm,  (n  =  3,  mean  ±  SD)  and 
of  cell  treated  with  1  mM  MPP+,  0.979  ±  0.04  absorbance  at 
570  nm,  (n  =  3  mean  ±  SD).  The  reduction  of  MTT  by  the 
mitochondrial  and  cytosolic  dehydrogenase(s)  requires 
NADH  and,  therefore,  reflects  the  availability  of  pyridine 
nucleotides  and  the  cellular  redox  state. 

MPTP  Murine  Models.  To  determine  whether  MPTP  in¬ 
duces  nitration  of  TH  in  vivo,  adult  C57/bl  mice  were  injected 
with  MPTP  and  controls  were  injected  with  saline  as  described 
(8).  In  both  striatum  and  ventral  midbrain,  increases  in  protein 
tyrosine  nitration  were  detected  as  early  as  3  hr  after  MPTP 
injection.  Two-dimensional  separation  of  proteins  followed  by 
immunoblotting  with  anti-nitrotyrosine  antibody  revealed  that 
several  proteins  were  nitrated  in  the  striatum  3  hr  after  MPTP 
injection  (Fig.  3).  A  prominent  nitrated  band  was  a  protein 
with  an  apparent  molecular  weight  of  58,000  and  pi  of  5.8, 
which  are  physical  properties  of  tyrosine  hydroxylase  (29-31). 
To  confirm  that  TH  is  the  nitrated  protein,  TH  from  striatal 
protein  extracts  of  MPTP-injected  mice  was  immunoprecipi¬ 
tated  and  subsequently  reacted  with  affinity  purified  anti- 
nitrotyrosine  antibodies.  Striatal  TH  was  indeed  nitrated  3  and 
6  hr  after  MPTP  injection  (Fig.  4 A)  whereas  TH  immunopre¬ 
cipitated  from  saline  controls  or  immediately  after  the  last 
injection  of  MPTP  was  not  nitrated.  To  demonstrate  the 
critical  role  of  superoxide  in  tyrosine  nitration  of  TH,  MPTP 
was  administrated  to  transgenic  mice  with  increased  SOD1 
activity,  the  enzyme  responsible  for  the  conversion  of  cytosolic 
superoxide  to  hydrogen  peroxide.  In  the  transgenic  mice  with 
increased  SOD1  activity,  MPTP  did  not  cause  any  detectable 
nitration  of  striatal  TH  at  any  time  points  studied  (Fig.  4 B). 

A  B 
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Fig.  3.  MPTP  treatment  leads  to  protein  tyrosine  nitration  of 
specific  proteins  in  the  mouse  midbrain.  Two-dimensional,  chemilu¬ 
minescence-enhanced  anti-nitrotyrosine  immunoblots  of  ventral  mid¬ 
brain  tissue  of  C57/bl  mice  3  hr  after  injection  of  either  saline  (A)  or 
MPTP  (B).  MPTP  injection  resulted  in  nitration  of  selective  proteins. 
Indicated  by  the  arrow  is  a  protein  with  the  physical  characteristics  of 
mouse  tyrosine  hydroxylase  listed  in  protein  databases. 
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Fig.  4.  (A)  Immunoprecipitation  of  striatal  TH  from  MPTP- 

exposed  mice  immediately  after  exposure  (time  0),  3-  and  6-hr  post 
exposure.  TH  was  visualized  with  polyclonal  anti-tyrosine  hydorxylase 
antibodies.  Representative  data  from  four  different  striatal  prepara¬ 
tions.  (B)  Nitration  of  tyrosine  residues  in  the  immunoprecipitated  TH 
was  evaluated  by  reaction  with  the  anti-nitrotyrosine  antibodies.  As  a 
positive  control  (C),  TH  was  laso  immunoprecipitated  from  peroxyni- 
trite  treated  PC12  cell  lysates  as  described  in  Fig.  1.  (C)  Time  course 
of  striatal  dopamine,  tyrosine  hydroxylase  activity  and  TH  protein 
levels  after  MPTP  administration  ( n  =  4-6). 

This  observation  is  consistent  with  the  previous  reports  that 
MPTP  exposure  of  SODl-transgenic  mice  failed  to  induce  a 
dopamine  deficit  (25). 

The  present  regimen  of  MPTP  caused  dramatic  reductions 
in  striatal  dopamine  levels  in  C57/bl  mice  similar  to  previously 
reported  albeit  at  earlier  time  points  (4,  8,  25).  Striatal 
dopamine  levels  declined  to  nearly  20%  of  saline  control  3  and 
6  hr  post-injection.  The  magnitude  and  the  time  course  of  the 
changes  in  striatal  TH  activity  following  MPTP  administration 
paralleled  very  closely  that  of  dopamine  levels  (Fig.  4 C). 
Conversely,  loss  in  striatal  TH  protein  content  was  insignifi¬ 
cant  (only  6%  as  compared  with  zero  time)  during  the  first  6 
hr  post  MPTP  injection. 

DISCUSSION 

Previously  we  demonstrated  that  peroxynitrite  impairs  dopa¬ 
mine  metabolism  in  PC12  cells  (11).  In  the  present  study,  the 
molecular  mechanism  for  the  peroxynitrite-impairment  of 
dopamine  production  and  the  potential  role  of  this  process  in 
the  pathogenesis  of  MPTP  model  of  PD  was  investigated.  The 
rate-limiting  enzyme  in  the  dopamine  synthesis,  TH,  is  a  target 
for  peroxynitrite-induced  tyrosine  nitration  and  that  nitration 
of  a  single  tyrosine  residue  within  this  enzyme  appears  to  be 
sufficient  to  impair  its  catalytic  activity.  Nitration  of  tyrosine 
residues  in  vitro  results  in  inactivation  of  a  vast  number  of 
mammalian  proteins  whose  activity  is  dependent  on  tyrosine 
residues  (32).  Nitration  of  tyrosine  results  in  a  marked  shift  of 
the  local  pKa  from  10.07  of  the  OH  group  of  tyrosine  to  7.5  of 
3-nitrotyrosine  that  is  expected  to  change  the  hydrophobicity, 
hydrogen  bonding,  and  electrostatic  interactions  within  the 
protein.  The  shift  in  pKa  provided  the  biochemical  explanation 
for  the  inhibition  in  the  rate  of  phosphorylation  by  tyrosine 
kinases  as  well  as  for  the  inactivation  of  protein  function  (28). 
Native  tyrosine  3-hydroxylase  (EC  1.14.16.2)  is  a  tetrameter  of 


four  identical  monomers.  Isolated  monomers  have  catalytic 
activity,  and  by  limited  proteolytic  digestion,  the  catalytic 
domain  has  been  located  in  the  carboxyl-terminal  between 
residues  Leul88  and  Phe456  (29-31).  The  rat  enzyme  contains 
17  tyrosine  residues  of  498  total  residues,  and  15  of  these 
tyrosine  residues  are  found  in  the  catalytic  domain  (30,  31). 
The  human  enzyme  contains  15  tyrosine  residues  with  14  of 
them  in  the  catalytic  domain.  Although  the  site  of  nitration  has 
not  been  identified,  Tyr225  in  both  the  rat  and  human  TH  is 
a  likely  candidate  because  it  is  located  within  a  sequence 
(X-X-Glu-Tyr-Thr-Ala)  that  is  a  target  for  nitration  by  per¬ 
oxynitrite.  This  sequence  was  found  to  be  the  most  effective 
target  for  tyrosine  nitration  during  a  screening  of  peptide 
sequences  for  efficiency  of  nitration  by  peroxynitrite  (H.I., 
unpublished  results). 

The  pivotal  role  of  TH  in  catechdamine  synthesis,  and 
consequently  in  PD,  led  to  the  second  set  of  experiments  aimed 
at  assessing  whether  MPTP  that  is  suspected  to  exert  its 
neurotoxic  effects,  at  least  in  part,  through  the  formation  of 
peroxynitrite,  also  would  inactivate  TH.  MPTP  produced  a 
rapid  and  profound  loss  in  striatal  dopamine  content  that  was 
closely  matched  by  the  loss  in  TH  activity.  The  loss  in  TH 
activity  was  not  caused  by  a  decrease  in  striatum  TH  protein. 
In  addition,  negligible  dopaminergic  neuronal  death  is  ob¬ 
served  6  hr  after  MPTP  injection  (4).  Therefore,  TH  inacti¬ 
vation  and  dopamine  synthesis  failure  is  an  early  event  in 
MPTP  neurotoxic  process  that  precedes  loss  in  TH  protein  and 
dopaminergic  neurons.  Nagatsu  and  coworkers  (33,  34)  have 
found  at  least  three  distinct  phases  in  TH  activity  and  content 
after  either  MPTP  or  MPP+  administration.  During  the  early 
phase,  minutes  after  MPTP  or  MPP+  administration  there  is 
a  decrease  in  the  in  vivo  TH  activity  but  not  in  the  Vmax  of  the 
enzyme  measured  under  optimal  conditions  in  vitro.  During 
the  same  time,  the  TH  concentration  remains  the  same,  and  as 
a  result  the  homeospecific  activity  of  TH,  expressed  as  Fmax 
over  TH  protein,  also  remains  the  same.  The  loss  of  TH 
activity  in  vivo  was  attributed  to  either  the  increase  in  cyto¬ 
plasmic  levels  of  dopamine  or  to  the  inhibition  of  TH  phosho- 
rylation  (34,  35).  During  the  middle  phase,  such  as  3  hr  after 
continuous  exposure  of  striatal  dopaminergic  neurons  to 
MPP+  or  after  the  last  injection  of  MPTP,  the  TH  activity  both 
in  vivo  and  in  vitro  was  decreased  significantly  whereas  the  TH 
protein  levels  are  unchanged  (33,  34).  As  expected,  the  de¬ 
crease  in  the  Vmax  resulted  in  a  decrease  in  the  homeospecific 
activity  of  TH.  The  mechanism  for  the  inactivation  of  TH  and 
loss  of  homeospecific  activity  during  the  middle  phase  (hours) 
has  not  been  elucidated.  This  study  provides  evidence  that  the 
molecular  mechanism  responsible  for  the  inactivation  of  TH 
after  MPTP  administration  is  tyrosine  nitration.  Previously,  it 
was  shown  that  MPTP  stimulates  nitration  of  free  tyrosine  (10) 
and  of  total  proteins  (22),  but  the  current  work  indicates  that 
TH  is  a  preferential  target  for  MPTP-induced  tyrosine  nitra¬ 
tion.  The  late  phase  of  MPTP  or  MPP+  administration 
resembles  the  late  stages  of  PD  disease  in  which  TH  activity  in 
vivo  and  in  vitro,  TH  protein  content  are  significantly  de¬ 
creased  (33,  34).  In  PD  patients,  a  compensatory  increase  in 
TH-homeospecific  activity  has  been  reported  and  is  thought  to 
arise  from  the  existence  of  multiple  forms  of  TH  mRNA, 
which  are  products  of  alternative  splicing  (35). 

The  existence  of  nitrated  TH  implies  the  formation  of  a 
nitrating  agent  after  injection  of  MPTP.  MPTP  has  been 
shown  to  selectively  accumulate  in  dopaminergic  neurons 
where  it  is  oxidized  to  MPP+  by  monoamine  oxidase-B  (24). 
In  turn,  redox  cycling  of  MPP+  by  dehydrogynases  such  as  the 
complex  I  of  the  mitochondrial  electron  transport  chain  and 
cytosolic  oxidoreductases  such  as  the  cytochrome  P450  reduc¬ 
tase  and  xanthine  oxidase  results  in  the  formation  of  super¬ 
oxide  by  the  one  electron  reduction  of  oxygen  (36).  Thus,  in 
both  the  mitochondria  and  cytosol  compartments,  the  redox 
cycling  of  MPP+  results  in  an  increase  in  the  steady-state  levels 
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of  superoxide.  We  hypothesize  that  the  increase  in  the  steady- 
state  levels  of  superoxide  in  dopaminergic  neurons  allows  for 
the  formation  of  peroxynitrite  because  the  second  order  rate 
constant  for  the  reaction  of  superoxide  with  nitric  oxide  is 
0.4-1  X  1010  M_1  s”1 2,  which  is  essentially  the  fastest  reaction 
known  for  superoxide  to  date  (37).  Nitric  oxide  is  membrane- 
permeable  and  can  diffuse  into  dopaminergic  neurons.  Thus, 
it  is  the  site  of  elevated  levels  of  superoxide  that  determines 
whether  a  cell  will  be  affected  by  the  reactivity  of  peroxynitrite. 
Although  peroxynitrite  is  a  strong  oxidant,  it  reacts  with  most 
biological  targets  with  relatively  slow  rates  (second  order  rate 
constants  range  from  103 4 5  to  10  6 7 8 9  M_1  s-1)  (38).  Therefore,  the 
concentration  of  the  biological  target  and  the  proximity  to  the 
formation  of  peroxynitrite  will  determine  which  molecule  will 
react  with  peroxynitrite.  It  is  apparent  from  data  in  this  study 
and  in  other  models  that  protein  tyrosine  residues  are  selective 
targets  for  peroxynitrite  resulting  in  nitration.  In  the  MPTP 
model  of  PD,  TH  appears  to  be  a  major  and  critical  target  for 
peroxynitrite-mediated  nitration  that  leads  to  enzymatic  inac¬ 
tivation.  As  such,  this  finding  represents  the  first  example  of  in 
vivo  protein  nitration  that  leads  to  a  functional  deficit  that  is 
directly  related  with  a  pathogenic  outcome. 

Support  for  our  working  hypothesis  also  comes  from  trans¬ 
genic  mice  with  increased  SOD1  activity.  The  decrease  in  the 
steady-state  levels  of  superoxide  and  consequently  of  per¬ 
oxynitrite  was  able  to  prevent  nitration  of  TH  and  loss  of 
enzymatic  activity.  Therefore  the  previous  findings  that  these 
mice  are  resistant  to  MPTP  neurotoxicity  can  now  be  bio¬ 
chemically  explained  on  the  basis  of  preventing  peroxynitrite 
formation.  Blocking  the  formation  or  effective  scavenging  of 
peroxynitrite  can  potentially  provide  a  therapeutic  interven¬ 
tion  because  it  will  eliminate  nitration  of  TH  and  loss  of 
catalytic  activity  preserving  dopamine  levels  in  the  brain. 
Moreover,  eliminating  peroxynitrite  also  may  be  useful  be¬ 
cause  this  reactive  species  can  induce  apoptosis  and  delayed 
cell  death  independent  of  its  nitrating  ability  (39-43). 
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Abstract 

MPTP  causes  damage  to  substantia  nigra  pars  compacta  (SNpc)  dopaminergic  (DA)  neurons  as  seen  in  Parkinson’s  disease  (PD).  After  sys¬ 
temic  administration  of  MPTP,  its  active  metabolite,  MPP+,  accumulates  within  SNpc  DA  neurons,  where  it  inhibits  ATP  production  and  stim¬ 
ulates  superoxide  radical  formation.  The  produced  superoxide  radicals  react  with  nitric  oxide  (NO)  to  produce  peroxynitrite,  a  highly  reactive 
tissue-damaging  species  that  damages  proteins  by  oxidation  and  nitration.  Only  selected  proteins  appear  nitrated,  and  among  these,  is  found 
tyrosine  hydroxylase  (TH),  the  rate  limiting  enzyme  in  DA  synthesis.  The  process  of  nitration  inactivates  TH  and,  consequently  dopamine  pro¬ 
duction.  Peroxynitrite  also  nicks  DNA,  which,  in  turn,  activates  poly(ADP-ribose)  polymerase  (PARP).  PARP  activation  consumes  ATP,  and 
thus  acutely  depletes  cell  energy  stores.  This  latter  event  aggravates  the  preexisting  energy  failure  due  to  MPP+-induced  mitochondrial  respira¬ 
tion  blockade  and  precipitates  cell  death.  Altogether,  these  findings  support  the  view  that  MPTP’s  deleterious  cascade  of  events  include  mito¬ 
chondrial  respiration  deficit,  oxidative  stress,  and  energy  failure.  Because  of  the  similarity  between  the  MPTP  mouse  model  and  PD,  it  is 
tempting  to  propose  that  a  similar  scenario  applies  to  the  pathogenesis  of  PD. 

Keywords:  Free  radicals,  MPTP,  neurodegeneration,  NO,  Parkinson’s  disease,  poly(ADP-ribose)  polymerase,  tyrosine  hydroxylase 


1.  Introduction 

Parkinson’s  disease  (PD)  is  a  common  neurodegenerative 
disorder  of  unknown  cause  whose  cardinal  clinical  features 
include  shaking,  stiffness,  slowness  of  movement,  and  pos¬ 
tural  instability  [20].  Most,  if  not  all,  of  these  disabling  clini¬ 
cal  abnormalities  are  attributed  to  a  profound  decrease  in 
dopamine  content  in  the  striatum  which  results  from  the  dra¬ 
matic  loss  of  dopaminergic  neurons  in  the  substantia  nigra 
pars  compacta  (SNpc)  [20].  The  prevalence  of  PD  has  been 
estimated  at  ~  1,000, 000  in  North  America  with  -50,000 
newly  affected  individuals  each  year.  Thus  far,  the  most  po- 
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tent  treatment  for  PD  remains  the  administration  of  a  precur¬ 
sor  of  dopamine,  L-DOPA,  which,  by  replenishing  the  brain 
with  dopamine,  alleviates  PD  symptoms.  However,  the 
chronic  administration  of  L-DOPA  often  causes  motor  and 
psychiatric  side  effects,  which  may  be  as  debilitating  as  PD 
itself  [37].  Furthermore,  there  is  no  supportive  evidence  that 
L-DOPA  therapy  impedes  the  progressive  death  of  SNpc 
dopaminergic  neurons.  Therefore,  without  undermining  the 
importance  of  L-DOPA  therapy  in  PD,  it  remains  essential 
to  elucidate  the  cascade  of  events  that  underlie  PD’s  neuro¬ 
degenerative  process.  To  this  end  and  in  light  of  the  rarity  of 
available  post-mortem  brain  samples  from  PD  patients  and 
the  fact  that  autopsy  materials  essentially  represent  end- 
stage  PD,  many  investigators,  including  ourselves,  have  fo¬ 
cused  their  research  efforts  on  experimental  models  of  PD 
such  as  the  one  produced  by  the  parkinsonian  toxin  1-meth- 
yl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP). 
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2.  MPTP  -  a  model  of  Parkinson’s  disease 

The  fact  that  MPTP  causes  a  parkinsonian  syndrome  was 
discovered  in  1982  when  a  group  of  drug  addicts  in  California 
were  rushed  to  the  emergency  room  with  a  severe  bradykinet- 
ic  and  rigid  syndrome  [40].  Subsequently,  thanks  to  some  fine 
detective  work,  it  was  discovered  that  this  syndrome  was  in¬ 
duced  by  the  self-administration  of  street  batches  of  a  synthet¬ 
ic  heroin  analogue  whose  synthesis  had  been  heavily  contam¬ 
inated  by  a  by-product,  MPTP  [41].  In  the  period  of  a  few 
days  following  the  administration  of  MPTP,  these  patients 
exhibited  a  severe  and  irreversible  akinetic  rigid  syndrome. 
The  analogy  to  PD  was  rapidly  made  by  Dr.  Langston  and  his 
group,  and  levodopa  was  tried  with  great  success,  relieving 
the  symptoms  of  these  unfortunate  patients. 

Since  the  discovery  that  MPTP  causes  parkinsonism  in 
human  and  non-human  primates  as  well  as  in  various  other 
mammalian  species,  this  neurotoxin  has  been  used  exten¬ 
sively  as  a  model  of  PD  [26,36,41].  In  human  and  non-hu¬ 
man  primates,  MPTP  produces  an  irreversible  and  severe 
parkinsonian  syndrome  that  replicates  almost  all  of  the  fea¬ 
tures  of  PD  including  tremor,  rigidity,  slowness  of  move¬ 
ment,  postural  instability,  and  even  gait  freezing.  The  re¬ 
sponses  as  well  as  the  complications  to  traditional  anti-par¬ 
kinsonian  therapies  are  virtually  identical  to  those  seen  in 
PD.  However,  while  in  PD,  it  is  believed  that  the  neurode- 
generative  process  occurs  over  several  years,  MPTP  produc¬ 
es  a  clinical  condition  consistent  with  “end-stage  PD”  in  a 
few  days  [39].  Except  for  a  single  case  [16],  no  human 
pathological  material  has  been  available.  Thus,  the  compari¬ 
son  between  PD  and  the  MPTP  model  is  largely  limited  to 
primates  [21].  From  neuropathological  data,  MPTP  adminis¬ 
tration  causes  damage  to  the  dopaminergic  pathways  identi¬ 
cal  to  that  seen  in  PD  [1]  with  a  resemblance  that  goes  be¬ 
yond  the  degeneration  of  SNpc  dopaminergic  neurons.  Like 
PD,  MPTP  causes  a  greater  loss  of  dopaminergic  neurons  in 
the  SNpc  than  in  the  ventral  tegmental  area  [53,67]  and  a 
greater  degeneration  of  dopaminergic  nerve  terminals  in  the 
putamen  than  in  the  caudate  nucleus  [52].  On  the  other  hand, 
two  typical  neuropathologic  features  of  PD  have,  until  now, 
been  lacking  in  the  MPTP  model.  First,  except  for  the  SNpc, 
the  other  pigmented  nuclei  such  as  the  locus  coeruleus  have 
been  spared  according  to  most  published  reports.  Second, 
the  eosinophilic  intraneuronal  inclusions,  called  Lewy  bod¬ 
ies,  so  characteristic  of  PD,  have  thus  far  not  been  convinc¬ 
ingly  observed  in  MPTP-induced  parkinsonism  [21].  Also 
worth  noting  is  the  fact  that  post-mortem  brain  samples  from 
PD  patients  [18]  show  a  selective  defect  in  the  same  mito¬ 
chondrial  electron  transport  chain  complex  that  is  affected 
by  MPTP  [22,56].  Abnormalities  in  parameters  of  oxidative 
stress  in  post-mortem  PD  brain  tissue  suggest  that  this  dis¬ 
ease  is  caused  by  an  overproduction  of  free  radicals  [58],  the 
same  highly  reactive  tissue  damaging  species  that  are  sus¬ 
pected  of  being  involved  in  MPTP-induced  dopaminergic 
toxicity  in  vivo  [24,61,66].  However,  despite  this  impressive 
resemblance  between  PD  and  the  MPTP  model,  MPTP  has 


Fig.  1 .  Schematic  representation  of  MPTP  metabolism.  After  its  systemic  ad¬ 
ministration,  MPTP  crosses  the  blood-brain  barrier.  Once  in  the  brain,  MPTP 
is  converted  to  MPDP+  by  MAO-B  within  non-dopaminergic  cells,  and  then 
to  MPP+  by  an  unknown  mechanism  (?).  Thereafter,  MPP+  is  released,  again 
by  an  unknown  mechanism  (?),  in  the  extracellular  space.  From  there,  MPP+ 
is  taken  up  by  the  DAT  and  thus  enter  dopaminergic  neurons. 


never  been  recovered  from  post-mortem  brain  samples  or 
body  fluids  of  PD  patients.  Altogether,  these  findings  are 
consistent  with  MPTP  not  causing  PD,  but  being  an  excel¬ 
lent  experimental  model  of  PD.  Accordingly,  it  can  be  spec¬ 
ulated  that  elucidating  the  molecular  mechanisms  of  MPTP 
should  lead  to  important  insights  into  the  pathogenesis  and 
treatment  of  PD. 

3.  Mode  of  action  of  MPTP 

As  illustrated  in  Fig.  1,  the  metabolism  of  MPTP  is  a 
complex,  multistep  process  [59].  After  its  systemic  adminis¬ 
tration,  MPTP,  which  is  highly  lypophilic,  rapidly  crosses 
the  blood-brain  barrier.  Once  in  the  brain,  the  pro-toxin 
MPTP  is  metabolized  to  1 -methyl-4- phenyl-2, 3-dihydropy- 
ridinium  (MPDP+)  by  the  enzyme  monoamine  oxidase  B 
(MAO-B)  within  non-dopaminergic  cells,  and  then  (proba¬ 
bly  by  spontaneous  oxidation)  to  l-methyl-4-phenylpyridini- 
um  (MPP+),  the  active  toxic  compound.  Thereafter,  MPP+  is 
released  (by  an  unknown  mechanism)  in  the  extracellular 
space.  Brain  inflow  of  MPTP,  together  with  its  transforma¬ 
tion  into  MPP+,  determine  the  amount  of  MPP+  available  to 
enter  dopaminergic  neurons.  The  next  important  step  in  the 
MPTP  neurotoxic  pathway  is  the  mandatory  entry  of  MPP+ 
into  dopaminergic  neurons.  Since  MPP+  is  a  polar  molecule, 
unlike  its  precursor  MPTP,  it  cannot  freely  enter  cells,  but 
depends  on  the  plasma  membrane  carriers  to  gain  access  to 
dopaminergic  neurons.  MPP+  has  a  high  affinity  for  plasma 
membrane  dopamine  transporter  (DAT)  [49],  as  well  as  for 
norepinephrine  and  serotonin  transporters.  The  obligatory 
character  of  this  step  in  the  MPTP  neurotoxic  process  is 
demonstrated  by  the  fact  that  blockade  of  DAT  by  specific 
antagonists  such  as  mazindol  [32]  or  ablation  of  DAT  gene 
in  mutant  mice  [8]  completely  prevents  MPTP-induced  tox- 
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Fig.  2.  Schematic  representation  of  MPP+  intracellular  pathways.  Inside 
dopaminergic  neurons,  MPP+  can  bind  to  the  vesicular  monoamine  trans¬ 
porters  (VMAT)  and  be  translocated  into  synaptosomal  vesicles,  be  concen¬ 
trated  by  an  active  process  within  the  mitochondria,  and  remain  in  the  cyto¬ 
sol  and  interact  with  different  cytosolic  enzymes. 


icity.  Conversely,  transgenic  mice  with  increased  brain  DAT 
expression  are  more  sensitive  to  MPTP  [19]. 

Once  inside  dopaminergic  neurons,  MPP+  can  follow  at 
least  three  routes  as  shown  in  Fig.  2:  (i)  it  can  bind  to  the  ve¬ 
sicular  monoamine  transporters  (VMAT)  which  will  translo¬ 
cate  MPP+  into  synaptosomal  vesicles  [45],  (ii)  it  can  be 
concentrated  by  an  active  process  within  the  mitochondria 
[63],  and  (iii)  it  can  remain  in  the  cytosol  and  interact  with 
different  cytosolic  enzymes  [34].  The  fraction  of  MPP+  des¬ 
tined  to  each  of  these  routes,  is  probably  a  function  of  MPP+ 
intracellular  concentration  and  affinity  for  VMAT,  mito¬ 
chondria  carriers,  and  cytosolic  enzymes.  The  importance  of 
the  vesicular  sequestration  of  MPP+  is  demonstrated  by  the 
fact  that  cells  transfected  to  express  a  greater  density  of 
VMAT  are  converted  from  MPP+-sensitive  to  MPP+-resis- 
tant  cells  [45].  Conversely,  we  demonstrated  that  mutant 
mice  with  50  %  lower  VMAT  expression  are  significantly 
more  sensitive  to  MPTP-induced  dopaminergic  neurotoxici¬ 
ty  compared  to  their  wild-type  littermates  [71].  These  find¬ 
ings  indicate  that  there  is  a  clear  inverse  relationship  be¬ 
tween  the  capacity  of  MPP+  sequestration  (i.e.,  VMAT  den¬ 
sity)  and  the  magnitude  of  MPTP  neurotoxicity. 

Inside  dopaminergic  neurons,  MPP+  can  also  be  concen¬ 
trated  by  an  active  process  within  the  mitochondria  [63], 
where  it  impairs  mitochondrial  respiration  by  inhibiting 
complex  I  of  the  electron  transport  chain  [50,55]  through  its 
binding  at  or  near  the  same  site  as  the  mitochondrial  poison 
rotenone  [27,62].  The  inhibition  of  complex  I  impedes  the 
flow  of  electrons  along  the  mitochondrial  electron  transport 
chain,  leading  to  a  deficit  in  ATP  formation.  It  appears,  how¬ 
ever,  that  complex  I  activity  should  be  reduced  >10%  to 
cause  severe  ATP  depletion  [15]  and  that,  in  contrast  to  in 
vitro ,  in  vivo  MPTP  causes  only  a  transient  20  %  reduction 
in  mouse  striatal  and  midbrain  ATP  levels  [12].  These  find¬ 
ings  raise  the  question  as  to  whether  MPP+-related  ATP  def¬ 
icit  can  be  the  sole  factor  underlying  MPTP-induced  dopam¬ 


inergic  neuronal  death.  Another  consequence  of  complex  I 
inhibition  by  MPP+  is  an  increased  production  of  free  radi¬ 
cals,  especially  of  superoxide  [13,25,64].  From  the  above- 
mentioned  findings,  it  may  be  speculated  that  the  initiation 
of  MPP+’s  deleterious  cascade  of  events  may  result  from  en¬ 
ergy  failure  and  oxidative  stress,  which  individually  may  not 
be  sufficient  to  kill  cells,  but  in  combination  may  well  be  le¬ 
thal.  A  similar  scenario  of  interplay  among  mitochondrial 
dysfunction,  energy  failure,  and  oxidative  stress  has  been 
postulated  for  PD  [4]. 

The  importance  of  MPP+-related  superoxide  production 
in  dopaminergic  toxicity  process  in  vivo  is  demonstrated  by 
the  fact  that  transgenic  mice  with  increased  brain  activity  of 
copper/zinc  superoxide  dismutase  (SOD1)  are  significantly 
more  resistant  to  MPTP-induced  dopaminergic  toxicity  than 
their  non- transgenic  littermates  [61].  This  finding  strongly 
suggests  that  superoxide  radical  plays  a  pivotal  role  in  the 
MPTP  neurotoxic  process.  However,  superoxide  is  poorly 
reactive,  and  it  is  the  general  consensus  that  this  radical  does 
not  cause  serious  direct  injury  [23].  Instead,  superoxide  is 
believed  to  exert  many  or  most  of  its  toxic  effects  through 
the  generation  of  other  reactive  species  such  as  hydroxyl 
radical,  whose  oxidative  properties  can  ultimately  kill  cells 
[23].  For  instance,  superoxide  facilitates  hydroxyl  radical 
production  by  hydrogen  peroxide  and  transitional  metals 
such  as  iron  (i.e.,  Fenton  reaction,  see  Fig.  3)  [23].  Although 
this  reaction  can  readily  take  place  in  vitro ,  its  occurrence  in 
vivo  is  subordinate  to  such  factors  as  low  pH  [44].  Despite 
this  unfavorable  pH  constraint,  MPTP  does  stimulate  the 
formation  of  hydroxyl  radicals  in  vivo ,  as  evidenced  by  the 
increase  in  the  hydroxyl  radical-dependent  conversion  of 
salicylate  into  2,3-  and  2,5-dihydroxy-benzoates  [66]. 

Superoxide  can  also  react  with  NO  to  produce  peroxynitrite 
(Fig.  3),  another  potent  oxidant  [6].  At  physiological  pH  and 
in  aqueous  milieu,  this  reaction  proceeds  five  times  faster  than 
the  decomposition  of  superoxide  by  SOD  [29].  The  intracel¬ 
lular  concentration  of  SOD1  is  estimated  at  10-40  jaM  [78]. 
Thus,  NO  concentration  has  to  be  ~10  jaM  for  peroxynitrite 
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Fig.  3.  Superoxide  (02*“)  can  react  with  superoxide  dismutase  (SOD)  to 
produce  hydrogen  peroxide  (H2O2),  which  in  turn,  can  react  with  catalase 
to  produce  water  and  oxygen  or  enter  the  Fenton  reaction.  Alternatively, 
superoxide  can  also  react  with  nitric  oxide  (NO)  to  produce  peroxynitrite 
(“OONO)  and  peroxynitrous  acid  (HOONO). 
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Fig.  4.  Proposed  scheme  for  selectivity  of  MPTP-induced  dopaminergic  neu¬ 
rotoxicity.  MPP+  is  transported  into  dopaminergic  neurons  by  the  DAT. 
Then,  MPP+  inhibits  enzymes  in  the  mitochondrial  electron  transport  chain, 
resulting  in  ATP  deficit  and  increased  “leakage”  of  superoxide  (02*")  from 
the  respiratory  chain.  Superoxide  remains  in  the  cell  in  which  it  is  produced. 
On  the  other  hand,  NO,  which  is  produced  by  nNOS  and  iNOS  outside 
dopaminergic  neurons,  is  membrane-permeable  and  can  diffuse  into  neigh¬ 
boring  neurons.  If  the  neighboring  cell  has  elevated  levels  of  superoxide, 
then  there  is  an  increased  probability  of  superoxide  reacting  with  NO  to  form 
peroxynitrite,  which  can  damage  lipids,  proteins,  and  DNA.  Damaged  DNA 
stimulates  PARS  activity,  which  further  depletes  ATP  stores.  In  this  scheme, 
it  is  the  site  of  generation  of  superoxide  which  determines  whether  a  cell  will 
succumb  to  NO-  and  peroxynitrite-mediated  deleterious  effects.  Since 
dopaminergic  neurons  selectively  accumulate  MPP+,  which  in  turn  stimu¬ 
lates  superoxide  production,  these  neurons  are  selectively  at  risk. 

formation  to  be  competitive,  which  is  not  unrealistic  as  NO 
production  at  the  cellular  level  is  estimated  at  1-10  jiM  [6]. 
The  situation  is  different,  however,  for  superoxide,  whose 
basal  intracellular  concentration  is  low  [7].  Thus,  under  nor¬ 
mal  conditions,  superoxide  is  limiting,  and  it  is  likely  that  min¬ 
imal  peroxynitrite  formation  occurs  (Fig  3).  Conversely,  in 
pathological  conditions,  should  superoxide  concentrations  in¬ 
crease,  as  in  response  to  MPTP  administration,  formation  of 
appreciable  amounts  of  peroxynitrite  is  expected  (Fig.  3).  In 
light  of  this  and  of  our  previous  work  on  superoxide  [61],  we 
[60]  and  others  [24,66]  have  assessed  the  role  of  NO  in  the 
MPTP  neurotoxic  process.  These  studies  show  that  inhibition 
of  NO  synthase  (NOS)  attenuates,  in  a  dose-dependent  fash¬ 
ion,  MPTP-induced  striatal  dopaminergic  loss  in  mice 
[60,66].  We  also  demonstrate  that  7-nitroindazole  (7-NI),  a 
compound  that  inhibits  NOS  activity  without  significant  car¬ 
diovascular  effects  in  mice  [51],  is  profoundly  neuroprotec- 
tive  against  MPTP-induced  SNpc  dopaminergic  neuronal 
death  [60].  The  protective  effect  of  the  NOS  antagonist  7-NI 
against  MPTP-induced  striatal  and  SNpc  dopaminergic  dam¬ 
age  was  subsequently  demonstrated  in  monkeys  [24]. 

4.  MPTP  proposed  mechanism  of  action 

From  the  above  findings,  the  following  scheme  can  be 
proposed  to  explain  both  selectivity  and  dopaminergic  toxic¬ 


ity  (Fig.  4):  MPTP  is  converted  to  MPP+  which  is  transport¬ 
ed  into  dopaminergic  neurons  via  the  dopamine  transporter. 
MPP+  inhibits  enzymes  in  the  mitochondrial  electron  trans¬ 
port  chain,  resulting  in  ATP  deficit  and  increased  “leakage” 
of  superoxide  from  the  respiratory  chain.  Superoxide  cannot 
readily  transverse  cellular  membranes  and  so  remains  in  the 
cell  in  which  it  is  produced.  In  contrast,  NO  is  membrane- 
permeable  and  diffuses  into  neighboring  neurons.  If  the 
neighboring  cell  has  elevated  levels  of  superoxide,  then 
there  is  an  increased  probability  of  superoxide  reacting  with 
NO  to  form  peroxynitrite,  which  is  highly  reactive,  damag¬ 
ing  lipids,  proteins,  and  DNA.  In  this  scheme,  it  is  the  site  of 
generation  of  superoxide  which  determines  whether  a  cell 
will  succumb  to  NO-  and  peroxynitrite-mediated  deleterious 
effects.  Since  dopaminergic  neurons  selectively  accumulate 
MPP+,  which  in  turn  stimulates  superoxide  production,  these 
neurons  are  selectively  at  risk. 

5.  Source  of  NO  and  NO  synthase 

As  summarized  above,  there  is  strong  evidence  that  NO 
participates  in  the  MPTP  neurotoxic  process.  Because 
MPTP  selectively  kills  dopaminergic  neurons,  it  is  expected 
that  the  deleterious  cascade  of  events  that  underlie  the  neuro¬ 
degeneration  takes  place  inside  dopaminergic  neurons. 
There  are  experimental  arguments  to  indicate  that  superox¬ 
ide  concentration  is,  indeed,  increased  inside  dopaminergic 
neurons  by  MPP+.  However,  NOS  which  produces  NO,  has, 
thus  far,  not  been  identified  inside  dopaminergic  neurons  in 
rodents;  although  this  needs  to  be  confirmed,  low  levels  of 
NOS  might  be  present  in  dopaminergic  neurons  in  humans 
[10].  In  contrast  to  their  lack  of  NOS,  at  least  in  rodents, 
dopaminergic  structures  are  surrounded  by  NOS-containing 
fibers  and  cell  bodies  in  the  striatum,  and,  to  a  much  lesser 
extent,  in  the  SNpc  [10,42].  Because  NO  is  uncharged  and 
lypophilic  [38],  it  is  able  to  travel  away  from  its  site  of  syn¬ 
thesis  and  inflict  remote  cellular  damage  without  the  need 
for  any  export  mechanisms.  It  is  suggested  that  NO,  which  is 
highly  diffusible,  can  travel  in  random  directions  up  to  150- 
300  mm  during  the  5-15  sec  that  correspond  to  its  estimated 
half-life  in  physiological  aqueous  conditions  [38].  Although 
this  modeling  may  depart  from  the  actual  in  vivo  situation 
encountered  by  a  molecule  of  NO,  it  gives  credence  to  the 
hypothesis  that  NO  can  cover  a  distance  several  times  great¬ 
er  than  the  diameter  of  a  dopaminergic  neuron.  We  are  thus 
speculating  that  the  NO  production  involved  in  MPTP  toxic¬ 
ity  takes  place  in  non-dopaminergic  cells  present  in  the  vi¬ 
cinity  of  dopaminergic  structures. 

Another  question  pertinent  to  the  origin  of  NO  in  the 
MPTP  model  is  which  isoforms  of  NOS  are  primarily  in¬ 
volved  in  this  process?  Nitric  oxide  is  formed  from  arginine 
by  NOS  which  oxidizes  the  guanidino  nitrogen  of  arginine, 
releasing  NO  and  citrulline.  To  date,  three  distinct  NOS 
isoenzymes  have  been  purified  and  molecularly  cloned:  neu¬ 
ronal  NOS  (nNOS,  NOS  I),  inducible  NOS  (iNOS,  NOS  II), 
and  endothelial  NOS  (eNOS,  NOS  III).  Since  all  three  iso- 
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forms  of  NOS  have  been  identified  in  the  brain,  each  of 
these  can  individually  or  in  combination  be  involved  in  the 
production  of  NO  used  in  MPTP  neurotoxic  process. 

6.  NOS  isoforms 

Neuronal  NOS  is  the  predominant  isoform  of  NOS  in  the 
brain.  Its  catalytic  activity  and  protein  are  identifiable 
throughout  the  brain  [10,28].  Relevant  to  MPTP,  nNOS  is 
present  in  the  striatum  within  intrinsic  medium-sized  neu¬ 
rons  co-localizing  somatostatin  and  neuropeptide  Y  [17].  In 
the  midbrain,  nNOS  is  found  in  cholinergic  neurons  and 
within  serotoninergic  fibers  [17,42].  Thus,  both  by  its  abun¬ 
dance  and  its  localization,  nNOS  appears  to  be  an  excellent 
candidate  for  producing  NO  for  MPTP.  In  agreement  with 
this  is  our  demonstration  that  mutant  mice  deficient  in  nNOS 
are  partially  protected  against  MPTP-induced  striatal 
dopaminergic  toxicity  [60].  The  finding  that  mice  are  better 
protected  by  the  NOS  antagonist  7-NI  than  by  the  lack  of 
nNOS  expression  suggests  that  although  nNOS  is  important, 
it  may  not  be  the  sole  isoform  of  NOS  that  is  involved  in  this 
neurotoxic  process.  Could  it  be  iNOS? 

In  the  normal  brain,  iNOS  is  not  detectable  [46]  or  is  only 
minimally  expressed  [33].  However,  under  pathological  con¬ 
ditions,  iNOS  expression  can  significantly  increase  in  acti¬ 
vated  astrocytes  as  well  as  in  other  cells  such  as  microglia 
[68]  and  invading  macrophages.  This  was  shown  in  the  brain 
after  kainic  acid  lesion  [77],  ischemic  damage  [54],  and  stab 
wound  [68].  A  similar  scenario  may  exist  in  the  MPTP  mod¬ 
el.  Indeed,  from  our  recent  data,  it  appears,  that  early  in  the 
course  of  MPTP-induced  dopaminergic  neuron  degenera¬ 
tion,  there  is  an  increase  in  midbrain  iNOS  activity  within 
the  strong  astrocytic  and  microglial  reactions  that  occur  in 
the  SNpc  following  MPTP  administration.  This  recent  study 
also  shows  that  changes  in  iNOS  activity  are  already  sub¬ 
stantial  24  hr  after  MPTP  administration,  which  precedes  the 
peak  of  dopaminergic  neurodegeneration  [31].  Therefore, 
NO  derived  from  iNOS  is  likely  minimal  in  normal  brains, 
but  may  become  increasingly  substantial  as  MPTP-induced 
dopaminergic  neurodegeneration  progresses.  Accordingly, 
iNOS  may  not  play  a  significant  role  in  the  initiation  of  the 
MPTP  toxic  process,  but  may  amplify  it  and  assure  its  prop¬ 
agation  by  fueling  dopaminergic  neurons  with  increasing 
amounts  of  NO  (Fig.  4). 

7.  Superoxide  and  nitric  oxide 

Superoxide  is  produced  by  many  biological  reactions,  and 
especially  by  mitochondrial  respiration  [23].  It  can  be  en¬ 
gaged  in  numerous  reactions  including  the  direct  oxidation 
of  biological  molecules  (e.g.,  cathechols)  and  the  production 
of  hydroxyl  radicals.  Similarly,  NO  exerts  many  biological 
effects  that  can  be  defined  as  direct  (i.e.,  resulting  from  the 
reactions  between  NO  and  specific  biological  molecules) 
and  indirect  (i.e.,  resulting  from  the  reactions  between  reac¬ 
tive  nitric  oxide  species  [RNOS],  which  are  derived  from 


NO  oxidation,  and  specific  biological  targets)  [78].  Most,  if 
not  all,  of  NO’s  direct  effects  appear  to  be  related  to  biologi¬ 
cal  regulatory  effects,  and  not  to  neurotoxicity  [78].  Al¬ 
though  NO  can  directly  affect  mitochondrial  respiration  in 
vitro  [9],  the  deleterious  consequence  of  this  effect  remains 
to  be  determined  in  vivo.  Conversely,  NO’s  indirect  actions, 
which  are  mediated  by  RNOS  such  as  nitrite  (N02"),  nitrate 
(N03~),  and  peroxynitrite  and  its  protonated  derivative,  per- 
oxynitrous  acid  (N203H),  are  unquestionably  deleterious 
[78];  in  aqueous  conditions,  RNOS  such  as  NO+  and  NO- 
rapidly  react  with  water  and,  thus,  are  unlikely  to  be  major 
participants  in  noxious  reactions. 

8.  Peroxynitrite  and  tyrosine  nitration 

In  light  of  the  above,  it  appears  that,  since  they  are  weak 
oxidants,  neither  superoxide  nor  NO  is,  by  itself,  sufficiently 
damaging  enough  to  participate  directly  in  the  MPTP  toxic 
process.  In  contrast,  we  have  also  presented  above  different 
arguments  supporting  peroxynitrite  in  this  role.  The  versatil¬ 
ity  of  peroxynitrite  as  an  oxidant  is  impressive  [5,75].  For  in¬ 
stance,  an  important  aspect  of  peroxynitrite’ s  deleterious  ac¬ 
tion  is  the  oxidation  of  phenolic  rings  in  proteins,  and  in  par¬ 
ticular  of  tyrosine  residues  [57],  to  form  nitrotyrosine  as  the 
most  important  product  [76].  As  such,  detection  and  quanti¬ 
fication  of  nitrotyrosine  are  important  indirect  evidence  that 
peroxynitrite  is  involved  in  a  pathological  process.  Relevant 
to  the  participation  of  peroxynitrite  in  the  MPTP  model,  it 
has  been  demonstrated  that  MPTP  significantly  increases 
striatal  levels  of  free  nitrotyrosine  in  mice  [66].  Although 
this  finding  provides  major  impetus  to  the  implication  of 
peroxynitrite  in  the  MPTP  model,  one  should  be  aware  that 
the  relationship  between  free  and  protein  nitrotyrosine  is  un¬ 
known,  and  the  physiopathologic  role,  if  any,  of  free  nitroty¬ 
rosine  remains  to  be  determined. 

Aside  from  its  role  as  a  marker,  nitrotyrosine  can  be  a 
harmful  modification  as  it  can  inactivate  enzymes  and  recep¬ 
tors  that  depend  on  tyrosine  residues  for  their  activity 
[30,73]  and  prevent  phosphorylation  of  tyrosine  residues  im¬ 
portant  for  signal  transduction  [35,48].  This  described  cas¬ 
cade  of  events  appears  quite  relevant  to  MPTP’s  mode  of  ac¬ 
tion  as  we  have  demonstrated  that,  following  MPTP  admin¬ 
istration  to  mice,  both  striatal  and  midbrain  levels  of 
nitrotyrosine  in  proteins  increase  in  a  time-dependent  fash¬ 
ion  and  that  tyrosine  hydroxylase  (TH),  the  rate-limiting  en¬ 
zyme  in  dopamine  synthesis,  becomes  inactivated  by  ty¬ 
rosine  nitration  [3]. 

9.  DNA  damage  and  poly(ADP-ribose)  polymerase 

Thus  far,  the  lion’s  share  of  attention  has  been  given  to 
the  effects  of  reactive  species  produced  after  MPTP  adminis¬ 
tration  on  proteins.  However,  as  stated  above,  most  of  the  re¬ 
active  species,  like  peroxynitrite,  that  may  be  implicated  in 
the  MPTP  model,  can  damage,  through  oxidative  processes, 
many  vital  cellular  elements  other  than  proteins  [23]. 
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Among  these,  DNA  is  of  unique  importance,  because  it  is 
the  repository  for  genetic  information  and  is  present  in  single 
copies.  Oxidants  like  peroxynitrite  can  cause  a  range  of 
DNA  damage  [23].  For  example,  DNA  exposed  to  peroxyni¬ 
trite  produces  8-hydroxyguanine  and  8-hydroxydeoxygua- 
nosine;  two  modifications  whose  levels  seem  increased  in 
midbrain  of  post-mortem  PD  brains  compared  to  normal 
controls  [2;  65].  Because  peroxynitrite  can  nitrate  the  aro¬ 
matic  group,  it  can  also  stimulate  the  formation  of  8-nitrode- 
oxyguanosine  [11].  Finally,  intact  cells  exposed  to  peroxyni¬ 
trite  exhibit  a  dose-dependent  increase  in  DNA  single  strand 
breakage  [70],  which  is  another  important  type  of  DNA  al¬ 
teration.  In  light  of  the  proposed  oxidant  species  involved  in 
MPTP  neurotoxicity,  all  of  these  DNA  modifications  can 
possibly  occur  in  this  model,  as  well  as  in  PD.  However,  de¬ 
spite  the  potential  pathological  role  of  DNA  damage,  to  date 
we  are  not  aware  of  any  published  study  on  this  process  in 
the  MPTP  model.  Nevertheless,  we  have  preliminary  data 
generated  in  collaboration  with  Dr.  M.F.  Chesselet  (Depart¬ 
ment  of  Neurology,  UCLA)  indicating  that  MPTP  does  in¬ 
deed  cause  conspicuous  DNA  damage  such  as  strand  breaks 
in  SNpc  neurons  of  MPTP- treated  mice. 

Although  all  of  the  aforementioned  modifications  are  po¬ 
tentially  mutagenic  and  thus  likely  harmful,  strand  breakage 
is  especially  attractive  because  of  its  link  to  the  enzyme 
poly(ADP-ribose)  polymerase  (PARP).  Indeed,  DNA  single 
strand  breakage  is  an  obligatory  trigger  for  the  activation  of 
PARP,  a  phenomenon  that  we  believe,  for  the  reasons  that 
follow,  to  be  a  major  factor  in  the  overall  MPTP-induced 
cascade  of  deleterious  events.  Thus  far,  the  actual  functions 
of  PARP  remain  uncertain,  and  data  obtained  with  cell-free 
systems  and  cells  from  PARP  knockout  mice  suggest  that, 
contrary  to  the  common  belief,  PARP  would  not  have  a  di¬ 
rect  role  in  DNA  repair  mechanisms  [43,69].  On  the  other 
hand,  it  is  clear  that  the  activation  of  PARP  results  in  the 
cleavage  of  NAD+  into  ADP-ribose  and  nicotinamide,  both 
in  vitro  and  in  vivo  [43,69].  In  turn,  PARP  covalently  attach¬ 
es  ADP-ribose  to  diverse  proteins,  including  nuclear  pro¬ 
teins,  histones,  and  PARP  itself.  PARP  then  extends  the  ini¬ 
tial  ADP-ribose  groups  into  a  nucleic  acid  group-like  poly¬ 
mer,  poly(ADP-ribose).  It  is,  therefore,  manifest  that  PARP 
activation,  by  synthesizing  poly(ADP-ribose)  polymer,  can 
rapidly  deplete  intracellular  stores  of  NAD+  which  may  im¬ 
pair  glycolysis  and  mitochondrial  electron  transport  chain 
activities,  and,  consequently,  ATP  formation  [43,69].  This 
PARP-dependent  cascade  of  events  could  play  a  critical  role 
in  the  demise  of  the  SNpc  dopaminergic  neurons  as  suggest¬ 
ed  by  in  vitro  and  in  vivo  data  [1 1,14,79].  This  scenario  may 
be  even  more  significant  if,  as  in  the  case  of  the  MPTP  mod¬ 
el,  the  production  of  ATP  in  SNpc  dopaminergic  neurons  is 
already  compromised  due  to  the  inhibition  of  the  mitochon¬ 
drial  complex  I  by  MPP+  [12]  (Fig.  4).  In  favor  of  the  impor¬ 
tance  of  PARP  activation  in  the  MPTP  neurotoxic  process  in 
vivo  is  our  demonstration  that  mutant  mice  deficient  in 
PARP  are  more  resistant  to  MPTP-induced  dopaminergic 
neuronal  death  [47]. 


10.  Conclusions 

The  current  understanding  of  the  MPTP  mode  of  action 
proposes  that  MPP+  causes  oxidative  stress  mediated  by  su¬ 
peroxide  and  NO.  This  leads  to  damage  of  proteins,  lipids,  and 
DNA,  all  contributing  to  major  cellular  dysfunctions.  In  ad¬ 
dition,  activation  of  reparative  DNA  enzymes,  which  con¬ 
sume  ATP,  aggravate  the  already  reduced  pool  of  ATP  caused 
by  the  action  of  MPP+  on  complex  I.  This  will  impair  numer¬ 
ous  vital  cellular  reactions  that  are  ATP-dependent.  Subse¬ 
quently,  oxidative  stress-  and  energy  failure-related  damage 
affect  the  cell’s  ability  to  maintain  intracellular  potential.  Ac¬ 
cordingly,  intracellular  potential  will  progressively  rise  until 
it  reaches  the  threshold  of  activation  of  glutamate  A-methyl- 
D-aspartate  ionophor-channel  and  consequently  triggers  an 
excitotoxic  insult  [74].  This  suggests  that  MPTP-induced  cell 
death  results  from  a  complex  interplay  among  mitochondrial 
dysfunction,  oxidative  stress,  energy  failure,  and  excitotoxic- 
ity.  All  of  these  key  players  will  contribute  to  the  impaired 
function  of  the  cell  until  it  becomes  incompatible  with  life,  and 
thus  the  cell  dies  by  necrosis  [31],  if  the  injury  is  severe 
enough  that  no  cellular  function  is  preserved,  or  by  apoptosis 
[72],  if  the  injury  is  less  severe  and  some  cellular  function  is 
preserved.  Because  of  the  close  similarity  between  PD  and  the 
MPTP  model,  it  is  likely  that  a  similar  cascade  of  deleterious 
events  underlies  the  pathogenesis  of  PD. 
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Free  radicals  have  been  implicated  in  the  pathogenesis 
of  movement  disorders  such  as  Parkinson’s  disease 
and  Huntington’s  disease.  Some  basic  aspects  about 
free  radicals  as  they  relate  to  oxidative  stress  in 
neurodegeneration  are  summarized.  Old  and  new 
experimental  findings  pertinent  to  oxidative  damage  in 
movement  disorders  are  reviewed.  Finally,  the  degree  to 
which  toxin-induced  and  genetically  engineered  experimental 
models  have  been  useful  in  delineating  parts  of  the 
mechanisms  involved  in  the  cascade  of  events  that  lead 
to  neuronal  death  is  emphasized.  CurrOpin  Neurol  11:335-339. 
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Introduction 

Movement  disorders  are  neurologic  conditions  that  are 
characterized  by  increased  abnormal  movements  or,  on  the 
contrary,  paucity  of  movements.  The  former  are  typically 
referred  to  as  hyperkinetic  movement  disorders  and  they 
are  exemplified  by  Huntington’s  disease,  whereas  the  latter 
are  called  hypokinetic  movement  disorders  and  are  exemp¬ 
lified  by  Parkinson’s  disease.  Most  but  not  all  of  these 
neurologic  disorders  are  associated  with  dramatic  prema¬ 
ture  degeneration  of  specific  subsets  of  neurons  in  the  basal 
ganglia  or  the  substantia  nigra,  variable  degrees  of  gliosis, 
and  often  intracellular  inclusions  of  protein  nature. 

Over  several  years,  major  progress  has  been  achieved  in 
our  understanding  of  the  etiologies  of  these  diseases.  One 
of  the  most  striking  examples  of  this  is  the  discovery  that 
the  etiology  of  Huntington’s  disease  is  related  to  an 
expansion  of  CAG  (polyglutamine)  trinucleotide  repeats 
in  the  encoding  region  of  its  gene.  However,  we  still 
have  little  indication  as  to  what  is  the  pathogenesis  of 
these  disorders,  including  Huntington’s  disease.  Indeed, 
although  we  know  the  etiology  of  Huntington’s  disease, 
we  do  not  know  how  the  produced  abnormal  protein  with 
expanded  GAG  tract  leads  to  neurodegeneration.  We 
acknowledge  that  although  we  need  to  elucidate  the  eti¬ 
ologies  of  these  diseases,  it  is  as  important  to  search  for 
their  pathogeneses,  because  our  ultimate  goal,  which  is  to 
cure  these  disorders,  may  require  an  understanding  of 
both  as  the  research  trail  of  Huntington’s  disease  illus¬ 
trates  so  well.  Among  different  proposed  pathogenic 
mechanisms,  a  large  number  of  investigators  including 
ourselves  have  been  particularly  attracted  by  the  potential 
role  of  free  radicals  as  causative  or  contributing  factors  in 
the  pathogenesis  of  neurodegenerative,  and  more  specifi¬ 
cally,  movement  disorders.  Although  a  free-radical- 
mediated  mechanism  has  been  speculated  for  several 
movement  disorders,  it  is  important  to  mention  that  the 
model  of  oxidative  damage  par  excellence  remains  Parkinson’s 
disease  [1],  and  to  a  lesser  extent  Huntington’s  disease  [2]. 

Free  radicals  and  the  brain 

Before  reviewing  the  literature  about  movement  disorders 
and  oxidative  stress,  it  is  important  to  summarize  some  of 
the  basic  aspects  related  to  the  biology  of  free  radicals, 
cellular  mechanisms  of  defense,  and  why  the  brain  is  a 
particularly  attractive  target  for  free  radical  attack.  This 
summary  focuses  strictly  on  those  aspects  pertinent  to 
neurodegeneration  and  movement  disorders,  and  does  not 
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review  the  question  in  an  exhaustive  manner.  For  an 
in-depth  review  of  the  subject,  refer  to  [3,4]. 

Electrons  within  atoms  and  molecules  exist  in  pairs  and 
occupy  space  known  as  an  orbital.  When  an  orbital  con¬ 
tains  only  one  electron,  that  electron  is  said  to  be 
unpaired,  and  the  corresponding  atom  or  molecule  is  said 
to  be  a  free  radical.  Because  this  electron  imbalance  ren¬ 
ders  the  free  radical  unstable,  it  tends  to  acquire  greater 
stability  by  completing  its  orbital  through  the  removal  of 
an  electron  from  neighboring  atoms  or  molecules.  As  a  re¬ 
sult,  the  latter  have  altered  electron  organization,  which 
can  have  dramatic  structural  or  functional  implications; 
this  is  called  oxidative  damage.  Free  radicals  can  cause 
oxidative  damage  to  virtually  all  cellular  components,  in¬ 
cluding  DNA,  proteins,  and  membrane  lipids.  It  can,  thus, 
be  hypothesized  that  in  neurodegenerative  disorders  such 
as  Parkinson’s  disease,  there  is  a  sustained  oxidative  stress 
that  causes  a  progressive  build  up  of  cellular  alterations, 
which  can  ultimately  lead  to  cell  death. 

Free  radicals  are  produced  constantly  during  normal  cellu¬ 
lar  metabolism.  However,  defense  mechanisms  exist  to 
limit  the  levels  of  free  radicals  and  the  damage  they  inflict 
on  cells.  These  include  scavenging  enzymes,  such  as 
superoxide  dismutase  (SOD),  the  main  function  of  which 
is  to  detoxify  the  superoxide  radical,  and  glutathione 
peroxidase  and  catalase,  the  main  function  of  which  is  to 
scavenge  hydrogen  peroxide.  There  are  also  several  small 
molecules  that  exhibit  antioxidant  properties  and  play  an 
important  role  in  preventing  oxidative  damage,  such  as 
the  reduced  form  of  glutathione,  [3-carotene,  ubiquinol, 
a-tocopherol  (vitamin  E),  and  ascorbic  acid  (vitamin  C). 
It  has  been  hypothesized  that  the  fine-tuned  balance 
between  the  production  and  the  destruction  of  free 
radicals  is  upset  in  pathologic  conditions,  such  as 
Parkinson’s  disease  and  Huntington’s  disease,  resulting  in 
an  overall  increase  in  the  levels  of  free  radicals. 

Although  a  similar  pathologic  scenario  may  apply  to  any 
system/organ  in  our  body,  the  brain  has  received  the 
majority  of  attention,  mainly  because  it  is  recognized  as 
particularly  susceptible  to  oxidative  stress:  it  has  a  very 
high  oxygen  consumption  rate  relative  to  its  weight;  it 
contains  a  relatively  low  arsenal  of  free  radical  defense 
mechanisms;  and  it  contains  a  remarkably  high  concen¬ 
tration  of  unsaturated  lipids,  which  are  ‘easy  targets’  for 
free  radical  attack. 

Does  oxidative  stress  contribute  to 
neurodegeneration? 

After  reading  the  above  summary  aimed  at  laying  the 
groundwork  for  the  oxidative  stress  hypothesis  in 
neurologic  diseases,  one  may  wonder  whether  there  is 
actually  experimental  evidence  to  support  the  view  that 
free  radicals  are  implicated  in  the  pathogenesis  of 
movement  disorders. 


The  first  possibility  concerns  whether  the  postulated  oxi¬ 
dative  stress  in  movement  disorders  is  due  to  insufficient 
protection.  The  initial  line  of  defense  against  free  radicals 
is  SOD.  This  abundant  enzyme  comes  in  three  forms:  two 
copper/zinc  SODs  (cytosolic  SOD  and  extracellular  SOD) 
and  a  manganese  SOD  (mitochondrial  SOD).  Paradoxi¬ 
cally,  manganese  SOD  protein  expression  [5]  and  activity 
[6]  is  increased  in  Parkinson’s  disease;  copper/zinc  SOD  is 
unchanged  [7].  Other  abnormalities  in  the  free  radical 
protective  mechanisms  include  reduced  concentrations  in 
the  reduced  form  of  glutathione  [8],  mild  alteration  in 
catalase  [9],  and  minimal  to  no  changes  in  glutathione 
peroxidase  [10,11].  In  addition,  low  ubiquinone  levels 
were  found  in  platelets  of  Parkinson’s  disease  patients 
[12].  All  of  these,  with  the  exception  of  manganese  SOD, 
show  changes  that  are  consistent  with  the  view  that  in 
Parkinson’s  disease  a  situation  of  oxidative  damage  due  to 
an  insufficient  protection  cannot  be  excluded. 

The  second  possibility,  which  is  not  mutually  exclusive,  is 
the  postulated  oxidative  stress  in  movement  disorders  due 
to  increased  production  of  free  radicals.  Several  markers  of 
oxidative  damage  have  been  reported  to  be  increased 
in  the  substantia  nigra  of  Parkinson’s  disease  patients. 
For  instance,  concentrations  of  malonaldehyde  [13]  and 
of  4-hydroxynoneal  protein  adducts  [14],  two  markers  of 
lipid  peroxidation,  are  significantly  increased  in  the  sub¬ 
stantia  nigra  of  Parkinson’s  disease  patients.  Increased 
levels  of  8-hydroxydeoxyguanosine,  a  marker  of  oxidative 
damage  to  DNA,  has  also  been  reported  in  Parkinson’s 
disease  [15,16].  Proteins  do  not  escape  attack  because 
carbonyl  content,  a  free-radical-mediated  modification  of 
proteins,  is  similarly  increased  in  Parkinson’s  disease  au¬ 
topsy  brain  samples  [17].  Some,  but  not  all  of  these 
alterations  were  also  identified  in  Huntington’s  disease 
brains  [  18*] -  Collectively,  these  data  support  the  hypothe¬ 
sis  that  in  Parkinson’s  disease  and,  possibly  in  Hunting¬ 
ton’s  disease,  neurons  are  the  site  of  an  oxidative  stress. 
However,  none  of  them  demonstrate  that  there  is  an 
actual  increase  in  the  formation  of  free  radicals.  To  date, 
the  only  realistic  sources  for  an  increase  in  the  formation 
of  free  radicals  would  be  the  mitochondrial  electron  trans¬ 
port  chain  and  selected  intracellular  enzymes,  such  as 
those  involved  in  dopamine  metabolism.  The  main  source 
of  intracellular  free  radicals  is  the  mitochondrial  electron 
transport  chain.  Several  enzymatic  complexes  of  the  elec¬ 
tron  transport  chain  are  impaired  in  Parkinson’s  disease 
[19]  and  Huntington’s  disease  [20,21].  Thus,  the 
mitochondrial  defects  observed  in  Parkinson’s  disease  and 
Huntington’s  disease  by  impairing  electron  flow  may  not 
only  lead  to  a  deficit  in  ATP  production,  but  also  to  an 
increase  in  free  radical  formation.  This  speculation  sug¬ 
gests  that  the  deleterious  cascade  of  events  that  leads  to 
neurodegeneration  in  Parkinson’s  disease  and  Huntin¬ 
gton’s  disease  may  be  an  interplay  between  mitochondrial 
dysfunction,  energy  failure,  and  oxidative  stress.  Among 
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the  different  enzymes  implicated  in  dopamine  metabol¬ 
ism,  it  has  long  been  known  that  monoamine  oxidase 
produces  different  reactive  oxygen  species  during  the 
catabolism  of  dopamine  [1].  Recent,  however,  is  the  dem¬ 
onstration  that  tyrosine  hydroxylase,  the  rate-limiting 
enzyme  in  dopamine  synthesis,  can  also  stimulate  the 
production  of  free  radicals  [22*].  During  the  neuro- 
degenerative  process  in  Parkinson’s  disease,  the  spared 
neurons  are  the  sites  of  increased  dopamine  turnover  [23] . 
This  adaptive  mechanism,  although  with  good  intention, 
increases  the  load  of  free  radicals  per  spared  neuron  and 
may  contribute  to  the  progression  of  the  disease. 

A  caveat,  however,  with  most  if  not  all  of  these  studies 
is  the  fact  that  they  are  autopsy  studies;  thus,  they  deal 
with  end-stage  diseased  brains,  which  are  dramatically 
depleted  of  the  targeted  neurons  and  are  ‘contaminated’ 
by  adaptive  responses.  Also,  this  does  not  even  consider 
another  confounding  factor,  which  is  the  chronic  adminis¬ 
tration  of  drugs  such  as  L-dihydroxyphenylalanine,  which 
can  trigger  its  own  oxidative  stress  [24,25]. 

Free  radicals  and  toxin-induced 
neurodegeneration 

In  addition  to  the  above  arguments,  another  limitation 
in  the  use  of  autopsy  samples  in  the  exploration  of  the 
pathogenesis  of  diseases  resides  in  the  fact  that  they 
provide  a  ‘snapshot’  and  not  a  ‘dynamic  system’,  which,  no 
doubt,  would  be  much  better  suited  to  the  search  for 
deleterious  mechanisms.  Accordingly,  the  past  few  years 
have  witnessed  an  explosion  of  in-vitro  and  in-vivo  model 
systems  using  neurotoxins. 

Among  the  large  variety  of  neurotoxins  that  do  exist,  by  far 
the  most  popular  toxin,  which  has  provided  the  greatest 
insights  into  Parkinson’s  disease,  is  l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine  (MPTP)  [26],  A  recent 
neurotoxin,  already  with  major  contributions,  is 
3-nitropropionic  acid  (3-NP),  a  neurotoxin  that  models 
Huntington’s  disease  [27] .  Indisputably,  these  two  toxins, 
which  have  been  extensively  studied  in  various  animal 
species,  have  provided  important  hints  into  the  pathogen¬ 
esis  of  Parkinson’s  disease  and  Huntington’s  disease, 
respectively.  Both  compounds  replicate  behavioral  abnor¬ 
malities  in  nonhuman  primates,  which  are  similar  to  those 
seen  in  their  respective  human  disease  conditions  [28,29]. 
They  also  affect  the  mitochondrial  electron  transport 
chain  and  stimulate  free  radical  production.  For  instance, 
transgenic  mice  with  increased  copper/zinc  SOD  activity 
are  resistant  both  to  MPTP  [30]  and  to  3-NP  [31]. 
Moreover,  knock-out  mice  deficient  in  neuronal  nitric 
oxide  synthase,  the  enzyme  that  produces  nitric  oxide,  are 
also  resistant  to  MPTP  [32]  and  to  malonate,  a  toxin  that, 
like  3-NP,  inhibits  the  same  mitochondrial  enzyme  [33]. 
These  studies  suggest  that  both  superoxide  and  nitric 
oxide  are  implicated  in  MPTP  toxicity,  and  possibly  in 


3-NP/malonate-mediated  toxic  process.  However, 
superoxide  and  nitric  oxide  are  poorly  reactive,  and  it  is 
the  general  consensus  that  these  radicals  do  not  cause 
serious  direct  injury.  Instead,  superoxide  and  nitric  oxide 
are  believed  to  exert  many  or  most  of  their  toxic  effects 
through  the  generation  of  other  reactive  species,  such  as 
hydroxyl  radical,  the  oxidative  properties  of  which  can 
ultimately  kill  cells.  Indeed,  superoxide  can  react  with 
iron  to  produce  hydroxyl  radicals  through  the  transition 
metal-catalyzed  Fenton  reaction.  The  production  of 
hydroxyl  radical  by  MPTP  is  supported  by  the  demonstra¬ 
tion  of  a  significant  increase  in  the  formation  of  2,5-dihyd- 
roxybenzoic  acid,  the  reaction  product  of  salicylate  and 
hydroxyl  radical  in  MPTP-treated  mice  [34,35].  The  im¬ 
portance  of  iron  in  the  MPTP  toxic  process  is  illustrated 
by  fact  that  in  rat  brain  dialysis  experiments  desfer- 
rioxamine,  an  iron  chelator,  protects  against  l-methyl-4- 
phenylpyridinium,  the  active  metabolite  of  MPTP 
[36,37].  Superoxide  can  also  combine  with  nitric  oxide  to 
produce  peroxynitrite,  a  extremely  reactive  species  with 
versatile  damaging  properties  [38].  The  increased  forma¬ 
tion  of  peroxynitrite  after  MPTP  administration  is  dem¬ 
onstrated  by  a  rise  in  the  levels  of  nitrotyrosine  [35], 
a  permanent  protein  modification  caused  by  peroxynitrite 

[39] ,  Not  to  be  ignored  is  the  neurotoxin  TV-methyl-(R)- 
salsolinol,  which,  in  contrast  to  MPTP,  has  been  identi¬ 
fied  in  Parkinson’s  disease  brains  and  causes  behavioral 
changes  in  rats  that  are  reminiscent  of  Parkinson’s  disease 

[40] ,  This  potential  endogenous  parkinsonian  toxin  selec¬ 
tively  affects  substantia  nigra  dopaminergic  neurons  [40] 
and  stimulates  the  production  of  free  radical  in  in-vitro 
systems  [41]. 

Free  radicals  and  genetic  models 

Overexpression  of  free  radical  scavenging  enzymes  in 
transgenic  mice  has  provided  tools  to  examine  the  effects 
of  increased  protection  of  the  brain  against  different  types 
of  insults.  As  mentioned  above,  transgenic  mice  with 
increased  copper/zinc  SOD  activity  provide  protection 
against  neurotoxins.  In  contrast,  overexpression  of 
glutathione  peroxidase  in  PC-12  cells  protects  against 
methamphetamine,  but  not  against  MPTP  [42*].  Of  note 
is  the  fact  that  mutations  in  copper/zinc  SOD  cause 
motor  neuron  death  replicating  the  hallmarks  of  amyo¬ 
trophic  lateral  sclerosis  [43].  Although  the  molecular 
mechanism  of  mutant  copper/zinc  SOD  remains  unclear, 
there  is  evidence  pointing  to  the  fact  that  mutant  cop¬ 
per/zinc  SOD  stimulates  oxidative  stress  [43].  In  light  of 
this,  it  is  pertinent  to  mention  that  not  only  does  mutant 
copper/zinc  SOD  kill  motor  neurons  of  the  spinal  cord, 
but  it  also  destroys  substantia  nigra  dopaminergic  neurons 
[44],  supporting  the  vulnerability  of  dopaminergic  cells  to 
oxidative  stress.  Reverse  experiments,  nullifying  free  rad¬ 
ical  scavenging  enzymes  in  knock-out  mice,  have  been 
even  more  illuminating.  The  ablation  of  copper/zinc 
SOD  and  extracellular  SOD  have  minimal  effects  on  the 
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development  and  life  span  of  the  mutant  animals  and 
they  do  not  exhibit  abnormal  movements  [45,46].  Con¬ 
versely,  the  effects  of  ablating  manganese  SOD  were  both 
immediate  and  dramatic  [47,48].  Even  though  the  mice 
were  healthy  at  birth,  they  grew  poorly  and  developed 
sustained  muscle  contractions  resembling  dystonia,  as 
well  as  head  tremor  by  the  age  of  2  weeks  [48,49*]. 
Interestingly,  these  mice  did  not  exhibit  any  evidence 
that  oxidative  stress  extended  beyond  the  mitochondria; 
for  example,  there  was  no  increase  in  lipid  peroxidation. 
Free  radical  attack  in  the  manganese  SOD  knock-out  mice 
may  well  be  restricted  to  mitochondria.  The  combination 
of  a  short  life  span  and  the  development  of  a  movement 
disorder,  in  the  context  of  free-radical-mediated  damage 
to  mitochondria,  favors  the  hypothesis  that  the  premature 
death  of  selected  subsets  of  neurons  in  movement  dis¬ 
orders  may  be  related  to  similar  mitochondrial  damage. 

Conclusion 

This  review  has  summarized  some  of  the  literature  con¬ 
cerning  recent  developments  in  free  radical  research  with 
regard  to  movement  disorders.  As  we  can  see,  there  is 
a  tremendous  amount  of  ongoing  work  in  favor  of  the  free 
radical  hypothesis  in  the  pathogenesis  of  movement  dis¬ 
orders.  It  is  remarkable  that  many  of  the  same  abnormal¬ 
ities,  such  as  tyrosine  nitration,  lipid  peroxidation  and 
mitochondrial  dysfunction,  are  common  to  a  number  of 
movement  disorders.  This  raises  the  possibility,  as  we 
speculate,  that  neurodegenerative  disorders  may  differ  in 
their  phenotypic  expression  and  etiologic  factors,  but  may 
share  a  similar  cascade  of  deleterious  events.  Alterna¬ 
tively,  it  is  also  possible  that  most  of  the  identified  abnor¬ 
malities  are  secondary  to  neurodegeneration  and  can  be 
seen  each  time  a  cell  is  committed  to  die,  regardless  of  the 
specific  mechanism  of  demise.  However,  it  is  still  debat¬ 
able  whether  the  free  radical  is  the  principle  culprit  in  the 
death  of  neurons  in  movement  disorders.  We  can  now 
hope  to  build  a  stronger  case  for  the  oxidative  hypothesis 
through  intensive  research  aimed  at  developing  more  ex¬ 
perimental  models  that  mimic  human  disease  states  (e.g. 
transgenic  Huntington’s  disease  mice)  or  that  replicate 
putative  pathogenic  mechanisms  (e.g.  knock-out  manga¬ 
nese  SOD  mice). 
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blown  neurologic  condition.  This  is  the  first  demonstration  that  the  lack  of 
manganese  SOD  can  cause  brain  pathology  related  to  mitochondrial  dys¬ 
function  and  abnormal  movements. 
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Summary:  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP)  produces  an  experimental  model  of  Parkinson’s  dis¬ 
ease  (PD).  It  replicates  most  of  the  clinical  features  of  PD  as 
well  as  the  main  biochemical  and  pathologic  hallmarks  of  the 
disease.  Although  the  MPTP  model  departs  from  PD  in  several 
aspects,  it  is  thought  that  important  insights  into  the  neurode- 
generative  process  of  PD  may  be  obtained  by  elucidating  the 
molecular  mechanism  of  MPTP.  In  this  article,  we  summarize 
the  different  steps  of  the  complex  metabolic  pathway  of  MPTP 
and  show  how  they  may  be  implicated  in  predisposing  indi¬ 
viduals  to  PD.  We  also  outline  findings  pertinent  to  the  mode 


of  action  of  MPTP  including  overproduction  of  free  radicals, 
implication  of  nitric  oxide,  nitration  of  tyrosine,  impairment  of 
mitochondrial  respiration,  and  occurrence  of  apoptosis.  All  of 
these  factors  may  participate  in  the  cascade  of  deleterious 
events  that  ultimately  lead  to  the  death  of  dopaminergic  neu¬ 
rons  after  MPTP  administration.  Because  of  the  similarity  be¬ 
tween  PD  and  the  MPTP  model,  we  are  speculating  that  a 
similar  scenario  may  underlie  the  neurodegenerative  process  in 
PD.  Key  Words:  Parkinson’s  disease — MPTP — 
Pathogenesis — Free  radicals — Mitochondria. 


Parkinson’s  disease  (PD)  is  a  common  neurodegenera¬ 
tive  disorder  characterized  mainly  by  resting  tremor, 
slowness  of  movement,  rigidity,  and  postural  instability 
which  is  associated  with  a  dramatic  loss  of  dopamine 
(DA)  neurons  in  the  substantia  nigra  pars  compacta 
(SNpc).1  The  prevalence  of  PD  has  been  estimated  at 
-1,000,000  in  North  America  with  -50,000  newly  af¬ 
fected  individuals  each  year.1  Thus  far,  the  most  potent 
treatment  for  PD  remains  the  administration  of  L-dopa,  a 
precursor  of  DA,  which  replenishes  brain  DA,  thus  alle¬ 
viating  almost  all  PD  symptoms.1  However,  the  chronic 
administration  of  L-dopa  often  causes  motor  and  psychi¬ 
atric  side  effects,  which  may  be  as  debilitating  as  PD 
itself.2  Furthermore,  there  is  no  evidence  to  support  the 
fact  that  L-dopa  therapy  impedes  the  progressive  death  of 
SNpc  DA  neurons.  This  leads  PD  patients,  in  a  few  years 
after  the  beginning  of  the  symptoms,  to  a  painful  di¬ 
lemma:  take  no  or  low  doses  of  L-dopa  to  avoid  the  side 
effects  and  be  severely  parkinsonian,  or  take  high  doses 
of  L-dopa  to  control  PD  symptoms  and  be  subjected  to 
severe  side  effects.  Therefore,  without  undermining  the 
importance  of  L-dopa  therapy  in  PD,  there  is  an  urgent 
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need  to  acquire  a  deeper  understanding  of  the  cause  of 
PD,  not  only  to  prevent  the  disease,  but  also  to  develop 
therapeutic  strategies  aimed  at  halting  its  progression  in 
newly  diagnosed  patients  whose  minimal  disability  does 
not  require  L-dopa  administration.  To  this  end  and  in 
light  of  the  rarity  of  available  postmortem  brain  samples 
from  PD  patients  for  neuropathologic  studies,  many  in¬ 
vestigators,  including  ourselves,  have  focused  their  re¬ 
search  efforts  on  experimental  models  of  PD  such  as  the 
one  produced  by  the  toxin  l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine  (MPTP). 

MPTP— A  MODEL  OF  PARKINSON’S  DISEASE 

The  fact  that  MPTP  causes  a  parkinsonian  syndrome 
was  discovered  in  1982  when  a  group  of  drug  addicts  in 
California  were  rushed  to  an  emergency  room  with  a 
severe  bradykinetic  and  rigid  syndrome.3  Subsequently, 
it  was  discovered  that  this  syndrome  was  induced  by  the 
self-administration  of  street  batches  of  a  synthetic  heroin 
analogue  whose  synthesis  had  been  heavily  contami¬ 
nated  by  a  byproduct,  MPTP.3  In  a  period  of  a  few 
days  after  the  administration  of  MPTP,  these  patients 
exhibited  a  severe  and  irreversible  akinetic-rigid  syn¬ 
drome.  The  analogy  to  PD  was  rapidly  made  by  Dr. 
Langston  and  his  group,  and  L-dopa  was  tried  with  suc¬ 
cess  in  relieving  these  unfortunate  patients’  symptoms. 
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Subsequently,  MPTP  has  been  used  extensively  and  suc¬ 
cessfully  in  various  mammalian  species,  including  mon¬ 
keys  and  mice,  to  produce  an  experimental  model  of  PD. 

The  similarity  between  PD  and  the  MPTP  model  is 
striking.  All  clinical  signs  of  PD  were  recognized  in  hu¬ 
mans  and  monkeys  intoxicated  with  MPTP.  This  goes 
beyond  the  association  of  tremor,  rigidity,  akinesia,  and 
postural  instability,  because  masked  face,  increased  seb¬ 
orrhea,  and  freezing  have  been  described  in  both  humans 
and  monkeys.  MPTP-intoxicated  humans  and  monkeys 
responded  to  L-dopa  similarly  to  PD  patients,  including 
the  development  of  side  effects  seen  after  its  chronic  use. 
Even  transplantation  surgery  of  fetal  dopaminergic  grafts 
dramatically  improved  the  condition  of  MPTP- 
intoxicated  individuals  better  than  the  response  from  PD 
patients  to  a  similar  approach.  As  in  PD,  the  main  target 
of  MPTP  is  the  SNpc  DA  neurons  that,  similar  to  PD,  are 
significantly  more  damaged  than  those  of  the  ventral 
tegmental  area  (dopaminergic  structure  directly  medial 
to  the  SNpc).  In  monkeys  injected  with  low  doses  of 
MPTP,  it  was  also  demonstrated  that  the  loss  of  DA 
nerve  terminals  predominated  in  the  putamen  over  the 
caudate,  which  is  also  a  typical  neuropathologic  picture 
seen  in  PD.  Also  in  monkeys,  intraneuronal  inclusions 
resembling  Lewy  bodies,  which  are  typical  features  of 
the  neuropathology  of  PD,  were  seen  in  aged  MPTP- 
treated  monkeys.  In  both  PD  and  MPTP  models  it  is 
believed  that  free  radical  toxicity  (also  called  oxidative 
stress  hypothesis)  plays  a  determinant  role  in  the  overall 
cascade  of  deleterious  events  leading  to  the  death  of  the 
dopaminergic  neurons.  Activity  of  complex  I  of  the  mi¬ 
tochondrial  electron  transport  chain  has  been  reported  to 
be  deficient  in  PD  brains,  and  is  exactly  the  same  com¬ 
plex  of  the  electron  transport  chain  that  is  blocked  by 
MPTP’s  active  metabolite. 

For  these  reasons,  it  is  widely  accepted  that  the  MPTP 
model  of  PD  is  by  far  the  best  available  experimental 
model  for  this  disease.  The  MPTP  model,  however,  fails 
to  replicate  some  other  aspects  of  PD.  For  example,  PD 
is  a  slowly  progressive  disorder  whose  neurodegenera- 
tive  process  extends  over  several  years.  In  contrast,  in 
MPTP  in  humans,  monkeys,  and  mice,  the  end  point  of 
the  damage  is  reached  after  only  a  few  days.  Lewy  bod¬ 
ies,  which  are  regarded  as  a  key  feature  of  PD,  have  not 
yet  been  unequivocally  demonstrated  in  MPTP  models. 
Furthermore,  MPTP  or  any  related  compounds  have 
never  been  recovered  from  PD  patients’  brains  or  body 
fluids.  Although  these  discrepancies  strongly  support  the 
contention  that  PD  is  not  the  result  of  MPTP,  the  large 
number  of  similarities  between  the  PD  and  the  MPTP 
model  support  the  commonly  accepted  view  that  signifi¬ 


cant  insights  into  the  molecular  mechanisms  of  PD  can 
be  achieved  through  the  study  of  the  MPTP  model. 

MODE  OF  ACTION  OF  MPTP 

MPTP  has  a  complex  multistep  metabolism  4  It  is  a 
highly  lipophilic  compound.  Thus,  after  its  systemic  ad¬ 
ministration,  it  can  quickly  gain  access  to  the  brain  by 
freely  crossing  the  blood-brain  barrier.  Once  in  the 
brain,  MPTP,  which  is  a  pro-toxin,  is  converted  into  its 
active  metabolite,  l-methyl-4-phenylpyridinium 
(MPP+),  by  monoamine  oxidase  type  B  within  non- 
dopaminergic  neurons  (for  example,  serotonergic  neu¬ 
rons  and  glial  cells).  The  next  important  step  in  the 
MPTP  neurotoxic  pathway  is  the  mandatory  entry  of 
MPP+  into  DA  neurons.  Because  MPP+  is  a  polar  mol¬ 
ecule,  contrary  to  its  precursor  MPTP,  it  can  not  freely 
enter  into  cells,  but  depends  on  the  plasma  membrane 
carriers.  MPP+  has  a  high  affinity  for  plasma  membrane 
DA  transporter  (DAT)  as  well  as  for  norepinephrine  and 
serotonin  transporters.  The  obligatory  character  of  this 
step  in  the  MPTP  neurotoxic  process  is  demonstrated  by 
the  fact  that  blockade  of  DAT  by  specific  antagonists 
(for  example,  mazindol)  completely  prevents  MPTP- 
induced  toxicity.  If  decreasing  DAT  availability  reduces 
MPTP  toxicity,  one  may  wonder  whether  increasing 
DAT  availability  enhances  it.  To  address  this  question, 
we  studied  MPTP  neurotoxicity  in  transgenic  mice  with 
increased  brain  DAT  expression.  These  transgenic  mice 
have  -25%  higher  density  in  DAT  in  the  SNpc.  We 
found  that  MPTP  administration  reduced  the  number  of 
dopaminergic  neurons  both  in  the  wild-type  and  the 
transgenic  animals.5  Flowever,  the  reduction  was  signifi¬ 
cantly  greater  in  the  transgenic  animals  with  higher  DAT 
expression.5  This  observation  suggests  that  individuals 
with  higher  DAT  density  may  be  at  risk  of  developing 
PD  should  the  disease  be  the  result  of  an  endogenous  or 
exogenous  toxin  entering  dopaminergic  neurons  through 
DAT.  Relevant  to  this  point  is  the  demonstration  that 
15-25%  variation  in  DAT  density  exists  among  humans 
and  nonhuman  primates.6 

Inside  the  DA  neurons,  MPP+  can  be  taken  up  by  the 
vesicular  monoamine  transporters  (VMATs)  and  seques¬ 
trated  within  synaptosomal  vesicles.  The  importance  of 
this  vesicular  sequestration  of  MPP+  is  demonstrated  by 
the  fact  that  cells  transfected  to  express  greater  density  of 
VMAT  are  converted  from  MPP+-sensitive  to  MPP+- 
resistant  cells.7  Conversely,  we  demonstrated  that  mutant 
mice  with  50%  lower  VMAT  expression  are  signifi¬ 
cantly  more  sensitive  to  MPTP-induced  DA  neurotoxic¬ 
ity  compared  with  their  wild-type  littermates.8  Alto¬ 
gether,  these  findings  indicate  that  there  is  a  clear  inverse 
relationship  between  the  capacity  of  MPP+  sequestration 
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(that  is,  VMAT  density)  and  the  magnitude  of  MPTP 
neurotoxicity.  This  raises  the  question  of  whether  VMAT 
antagonists  (for  example,  reserpine,  tetrabenazine)  may 
not  increase  the  risk  of  developing  PD  or  exacerbate  PD 
neurodegeneration. 

Intracellular  MPP+  can  also  be  taken  up  and  concen¬ 
trated  within  the  mitochondria  where  it  blocks  complex  I 
of  the  electron  transport  chain,  which  in  turn  decreases 
the  production  of  ATP  and  increases  the  formation  of 
free  radicals  such  as  superoxide.  Although  the  actual 
impact  of  MPP+-induced  ATP  deficit  in  MPTP  neuro¬ 
toxicity  remains  to  be  demonstrated  in  living  animals,  we 
have  supported  the  critical  role  played  by  free  radical 
production  in  the  MPTP  toxic  process.  This  issue  was 
assessed  by  testing  MPTP  toxicity  in  transgenic  mice 
with  increased  activity  of  superoxide  dismutase  (SOD), 
the  key  enzyme  in  the  detoxification  of  superoxide. 
These  mice  have  2.5-3  times  greater  brain  SOD  activity 
compared  with  wild-type  littermates.9  We  found  that 
MPTP  administration  caused  significant  damage  in  the 
wild-type  animals,  but  in  contrast,  no  significant  damage 
was  detected  in  the  transgenic  animals  with  increased 
SOD.10  These  data  enabled  us  to  conclude  that  superox¬ 
ide  plays  a  role  in  the  molecular  mechanism  of  MPTP  in 
vivo.  However,  superoxide  is  probably  better  known  as 
being  an  intermediate  species  in  various  cellular  reac¬ 
tions  rather  than  being  deleterious  by  itself.  In  contrast, 
superoxide  can  react  with  nitric  oxide  (NO)  to  produce 
highly  reactive  and  deleterious  species  such  as  peroxy- 
nitrite.  Consistent  with  the  idea  that  part  of  the  MPTP 
neurotoxic  process  involves  the  reaction  between  super¬ 
oxide  and  NO  is  the  demonstration  by  us11  and  oth¬ 
ers12,13  that  inhibition  of  nitric  oxide  synthetase  (NOS), 
the  enzyme  that  synthesizes  NO,  protects,  in  a  dose- 
dependent  fashion,  against  MPTP. 

In  an  attempt  to  examine  the  role  of  mitochondrial 
electron  transport  chain  blockade  in  the  MPTP  neuro¬ 
toxic  process,  we  assessed  MPTP  toxicity  in  Rho  0  cells, 
which  are  mutant  cells  completely  lacking  electron  trans¬ 
port  chain  activity.14  We  were  fascinated  by  the  obser¬ 
vation  that  MPP+  toxicity  in  the  Rho  0  cells  was  dose- 
dependent  comparable  to  that  found  in  their  parental 
cells,  which  have  normal  mitochondrial  function.15  We 
were  also  able  to  demonstrate  that  not  only  was  the  tox¬ 
icity  comparable  in  these  two  lines,  but  that  the  propor¬ 
tion  of  death  occurring  by  a  morphology  of  necrosis  or 
apoptosis  was  also  comparable  between  Rho  0  cells  and 
parental  cells.15  Although  Rho  0  cells  represent  a  pecu¬ 
liar  system  and  caution  should  be  taken  in  interpreting 
this  finding,  it  suggests  that  MPP+  may  kill  cells  by 
mechanisms  that  are  not  solely  related  to  mitochondrial 
defect. 


CONCLUSION 

The  current  understanding  of  the  MPTP  mode  of  ac¬ 
tion  proposes  that  MPP+  causes  oxidative  stress  medi¬ 
ated  by  superoxide  and  NO.  This  leads  to  damage  of 
proteins,  lipids,  and  DNA,  all  contributing  to  major  cel¬ 
lular  dysfunctions.  In  addition,  activation  of  reparative 
DNA  enzymes,  which  consume  ATP,  aggravate  the  al¬ 
ready  reduced  pool  of  ATP  caused  by  the  action  of 
MPP+  on  complex  I.  This  will  impair  numerous  vital 
cellular  reactions  that  are  ATP-dependent.  Subsequently, 
oxidative  stress  and  energy  failure-related  damage  affect 
the  cell’s  ability  to  maintain  intracellular  potential.  Ac¬ 
cordingly,  intracellular  potential  will  progressively  rise 
until  it  reaches  the  threshold  of  activation  of  glutamate 
N-methyl-D-aspartate  ionophor-channel  and  conse¬ 
quently  triggers  an  excitotoxic  insult.16  This  suggests 
that  MPTP-induced  cell  death  results  from  a  complex 
interplay  among  mitochondrial  dysfunction,  oxidative 
stress,  energy  failure,  and  excitotoxicity.  A  similar  sce¬ 
nario  has  been  proposed  for  PD.17  All  of  these  key  play¬ 
ers  will  contribute  to  the  impaired  function  of  the  cell 
until  it  becomes  incompatible  with  life,  and  thus  the  cell 
dies  by  necrosis18  if  the  injury  is  so  severe  that  no  cel¬ 
lular  function  is  preserved,  or  by  apoptosis19  if  the  injury 
is  less  severe  and  some  cellular  function  is  preserved. 
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Oxidative  stress  is  implicated  in  the  death  of  dopam¬ 
inergic  neurons  in  Parkinson's  disease  and  in  the 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP) 
model  of  Parkinson's  disease.  Oxidative  species  that 
might  mediate  this  damage  include  hydroxyl  radical, 
tyrosyl  radical,  or  reactive  nitrogen  species  such  as  per- 
oxynitrite.  In  mice,  we  showed  that  MPTP  markedly 
increased  levels  of  o, o' -dityrosine  and  3-nitrotyrosine  in 
the  striatum  and  midbrain  but  not  in  brain  regions  re¬ 
sistant  to  MPTP.  These  two  stable  compounds  indicate 
that  tyrosyl  radical  and  reactive  nitrogen  species  have 
attacked  tyrosine  residues.  In  contrast,  MPTP  failed  to 
alter  levels  of  ortho-tyrosine  in  any  brain  region  we 
studied.  This  marker  accumulates  when  hydroxyl  radi¬ 
cal  oxidizes  protein-bound  phenylalanine  residues.  We 
also  showed  that  treating  whole-brain  proteins  with  hy¬ 
droxyl  radical  markedly  increased  levels  of  ortho- tyro¬ 
sine  in  vitro .  Under  identical  conditions,  tyrosyl  radical, 
produced  by  the  heme  protein  myeloperoxidase,  selec¬ 
tively  increased  levels  of  0,0 '-dityrosine,  whereas  per- 
oxynitrite  increased  levels  of  3-nitrotyrosine  and,  to  a 
lesser  extent,  of  ortho-tyrosine.  These  in  vivo  and  in  vitro 
findings  implicate  reactive  nitrogen  species  and  tyrosyl 
radical  in  MPTP  neurotoxicity  but  argue  against  a  del¬ 
eterious  role  for  hydroxyl  radical  in  this  model.  They 
also  show  that  reactive  nitrogen  species  and  tyrosyl  rad¬ 
ical  (and  consequently  protein  oxidation)  represent  an 
early  and  previously  unidentified  biochemical  event  in 
MPTP-induced  brain  injury.  This  finding  may  be  signif¬ 
icant  for  understanding  the  pathogenesis  of  Parkinson's 
disease  and  developing  neuroprotective  therapies. 
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Parkinson’s  disease  (PD)1  is  attributed  to  a  profound  deficit 
in  dopamine  (1)  that  follows  the  loss  of  dopaminergic  neurons 
in  the  substantia  nigra  pars  compacta  and  dopaminergic  nerve 
terminals  in  the  striatum  (2).  Although  the  mechanisms  are 
uncertain,  a  large  body  of  experimental  evidence  implicates 
oxidative  stress  (reviewed  in  Refs.  3-5).  In  light  of  these  human 
and  animal  studies,  at  least  three  pathways  have  been 
proposed. 

Studies  with  the  l-methyl-4-phenyl-l,2,3,6-tetrahydropyri- 
dine  (MPTP)  mouse  model  of  PD  suggest  a  pivotal  role  for 
superoxide  radical  (Op  both  in  vitro  and  in  vivo  (6-10).  02  is 
not  highly  reactive,  however,  and  is  generally  thought  not  to 
cause  serious  direct  injury  (4,  11).  Instead,  it  is  believed  to 
exert  many  or  most  of  its  toxic  effects  by  generating  reactive 
species  such  as  hydroxyl  radical  (HO*),  whose  oxidative  prop¬ 
erties  can  ultimately  kill  cells  (4,  11).  For  instance,  02  facili¬ 
tates  HO*  production  in  the  metal-catalyzed  Haber-Weiss  reac¬ 
tion  both  by  reducing  redox-active  transition  metals  (Mn+)  and 
by  dismutating  to  form  hydrogen  peroxide  (H202)  (4,  11). 

Mn+  +  OJ  ->  Mn+_1  +  02 

M'l+~1  +  H202  Mn+  +  HO'  +  HO" 

Reactions  1  and  2 

This  noxious  reaction  may  be  relevant  to  PD  because  the  post¬ 
mortem  concentration  of  nonheme  iron  is  dramatically  elevated 
in  the  substantia  nigra  pars  compacta  of  PD  patients  (12, 13). 
Moreover,  neuromelanin,  believed  to  be  a  by-product  of  dopam¬ 
ine  autooxidation,  may  promote  the  formation  of  reactive  spe¬ 
cies  such  as  HO*  through  various  mechanisms  (14). 

Superoxide  can  also  react  with  nitric  oxide  (NO)  to  produce 
peroxynitrite  (ON 00”),  another  potent  oxidant  (15). 

Ol  +  NO  -*  ONOO" 

Reaction  3 

Under  normal  conditions,  OJ  may  be  limiting,  resulting  in  little 
ONOO-  formation.  Appreciable  amounts  could  form  if  02  con¬ 
centrations  increased,  as  in  the  response  to  MPTP  or  PD, 
however.  NO  is  implicated  by  the  observation  that  nitric-oxide 
synthase  inhibitors  attenuate  MPTP-induced  dopaminergic 


1  The  abbreviations  used  are:  PD,  Parkinson’s  disease;  BHT,  buty- 
lated  hydroxytoluene;  DTPA,  diethylenetriaminepentaacetic  acid;  GC/ 
MS,  gas  chromatography-mass  spectrometry;  MPTP,  l-methyl-4^phe- 
nyl-l,2,3,6-tetrahydropyridine;  HPLC,  high  performance  liquid 
chromatography. 
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neurotoxicity  in  mice  and  monkeys  (16-18).  Mutant  mice  defi¬ 
cient  in  neuronal  nitric-oxide  synthase  also  are  resistant  to 
MPTP  (16). 

While  investigating  oxidative  damage  in  atherosclerosis  and 
other  inflammatory  conditions  (5,  19),  we  described  an  oxida¬ 
tive  pathway  that  does  not  require  free  metal  ions.  It  involves 
myeloperoxidase,  a  heme  protein  secreted  by  activated  phago¬ 
cytes  (20).  Myeloperoxidase  uses  H202  to  convert  the  phenolic 
amino  acid  tyrosine  into  a  reactive  intermediate  that  promotes 
the  oxidation  of  proteins  and  lipids  (21-23).  We  have  recently 
used  electron  paramagnetic  resonance  spectroscopy  to  demon¬ 
strate  that  the  oxidizing  intermediate  generated  by  myeloper¬ 
oxidase  and  other  peroxidases  is  free  tyrosyl  radical  (24).  These 
studies  support  the  idea  that  tyrosyl  radical  may  promote 
oxidative  reactions  at  sites  of  inflammation. 

One  powerful  strategy  for  understanding  the  underlying 
mechanisms  of  oxidative  injury  is  to  identify  stable  end  prod¬ 
ucts  of  protein  oxidation  by  different  reaction  pathways  in  vitro 
and  then  to  determine  whether  these  markers  are  present  at 
elevated  levels  in  vivo  (19,  25).  For  instance,  HO'  converts 
protein-bound  phenylalanine  residues  to  the  unnatural  amino 
acid  isomer  ortho-t yrosine.  Tyrosyl  radical  forms  o,o' -dity¬ 
rosine  as  the  major  product,  whereas  ONOO-  generates  3-ni- 
trotyrosine.  These  compounds  are  stable  to  acid  hydrolysis, 
making  them  potentially  useful  markers  of  protein  oxidation  in 
vivo. 

Immunohistochemical  and  HPLC  methods  have  been  used  to 
detect  products  such  as  3-nitrotyrosine  (26,  27),  but  both  ap¬ 
proaches  may  be  confounded  by  structurally  distinct  molecules. 
Moreover,  antibody-based  analyses  are  semi-quantitative  at 
best.  HPLC  can  be  more  sensitive  and  specific  than  immuno- 
histochemistry,  but  brain  tissue  may  contain  materials  that 
interfere  with  this  method  (27).  Therefore,  the  hypothesis  that 
neuronally  derived  NO  reacts  with  OJ  to  generate  ONOO- 
remains  questionable,  as  does  the  idea  that  HO*  is  produced  in 
the  MPTP  model  and  PD. 

Using  isotope  dilution  gas  chromatography-mass  spectrom¬ 
etry  (GC/MS),  we  developed  sensitive  and  highly  specific  quan¬ 
titative  assays  for  measuring  tissue  levels  of  or/Ao-tyrosine, 
o,o '-dityro sine  and  3-nitrotyrosine  (25).  We  then  analyzed  the 
relative  product  yields  of  each  marker  in  brain  proteins  oxi¬ 
dized  in  vitro  by  HO’,  tyrosyl  radical,  or  ONOO-.  We  also 
assayed  the  oxidized  amino  acids  in  brain  proteins  from  control 
and  MPTP-treated  mice.  Our  results  suggest  that  reactive  ni¬ 
trogen  species  and  tyrosyl  radical,  perhaps  generated  by 
ONOO-  or  heme  proteins,  mediate  protein  oxidation  in  this 
mouse  model  of  PD. 

EXPERIMENTAL  PROCEDURES 

Afateria/s— Reagents  were  obtained  from  either  Sigma  or  Aldrich 
unless  otherwise  specified.  All  organic  solvents  were  HPLC  grade. 
Cambridge  Isotope  Laboratories  (Andover,  MA)  supplied  -^C-labeled 
amino  acids  for  the  preparation  of  internal  standards.  o,o'- 
P^JDityrosine  and  ortho- [^Cgjtyrosine  were  synthesized  as  de¬ 
scribed  previously  (21).  3-Nitro[13CJtyrosine  was  synthesized  using 
tetranitrom ethane  (28).  Concentrations  of  13C -labeled  amino  acids  were 
determined  by  HPLC  analysis  (29). 

Animals — Male  C57/BL  mice  (8  weeks  old;  22-25  g;  Charles  River 
Breeding  Laboratories)  were  used  in  the  study.  Animals  were  housed 
three  per  cage  in  a  temperature-  and  light-controlled  room  with  a 
12-h/12-h  light-dark  cycle.  The  mice  were  provided  with  water  and  food 
ad  libitum.  On  the  day  of  the  experiment,  mice  received  four  intraperi- 
toneal  injections  of  MPTP-HC1  (20  mg/kg;  Research  Biochemicals, 
Natick,  MA)  in  saline  every  2  h  over  an  8-h  period.  Control  mice 
received  saline  only.  All  procedures  followed  National  Institutes  of 
Health  guidelines  for  the  use  of  live  animals  and  were  approved  by  the 
Columbia  University  Institutional  Animal  Care  and  Use  Committee. 

Collection  of  Tissues — Animals  were  anesthetized  and  sacrificed  24  h 
after  the  last  injection;  this  time  point  was  based  on  our  previous  study 


of  nitration  of  tyrosine  hydroxylase  in  the  MPTP  mouse  model  (30).  To 
minimize  ex  vivo  oxidation,  mice  were  perfused  with  ice-cold  antioxi¬ 
dant  buffer  (100  pM  diethylenetriaminepentaacetic  acid  (DTPA;  a  metal 
chelator),  1  mM  butylated  hydroxytoluene  (BHT;  an  inhibitor  of  lipid 
peroxidation),  10  mM  3-amino-l, 2, 4-triazole  (an  inhibitor  of  peroxidases 
and  nitric-oxide  synthase),  50  mM  sodium  phosphate,  pH  7.4).  Then, 
cerebellum,  ventral  midbrain,  striatum,  and  cerebral  cortex  were  dis¬ 
sected  out  on  an  ice-cold  plate,  frozen  on  dry  ice,  and  stored  at  -80  °C 
until  analysis  (30). 

Isolation  of  Brain  Proteins  for  in  Vitro  Oxidation  Studies — Freshly 
prepared  sample  from  the  indicated  brain  area  was  homogenized  at 
4  °C  in  5  ml  of  buffer  A  (0.1  mM  DTPA,  pH  7.4),  freeze-thawed  once,  and 
centrifuged  at  10,000  X  g  for  10  min.  The  low  speed  supernatant  was 
dialyzed  against  distilled,  deionized  water  that  had  been  passed  over  a 
Chelex  resin  (Bio-Rad)  column  to  remove  free  metal  ions. 

Protein  Oxidation  by  Hydroxyl  Radical,  Myeloperoxidase,  and  Per- 
oxynitrite — In  vitro  oxidation  reactions  (1  mg  brain  protein/ml)  were 
performed  at  37  °C  in  buffer  B  (50  mM  sodium  phosphate,  pH  7.4). 
When  indicated,  buffer  B  was  supplemented  with  25  mM  NaHC03. 
Reactions  were  terminated  by  addition  of  0.2  mM  DTPA  (pH  7.4),  300  nM 
catalase,  and  0.1  mM  BHT.  Proteins  were  precipitated  with  ice-cold 
trichloroacetic  acid  (10%  final  concentration),  acid-hydrolyzed,  and  sub¬ 
jected  to  GC/MS  analysis.  ONOO"  was  synthesized  from  2-ethoxyethyl 
nitrite  and  H202  (31)  and  stored  at  -80  °C.  ONOO-  was  thawed  im¬ 
mediately  prior  to  use,  and  its  concentration  was  determined  spectro- 
photometrically  (e^  =  1,  670  M-1  cm-1;  Ref.  32). 

Amino  Acid  Isolation  and  Derivatization — All  procedures  were  car¬ 
ried  out  at  4  °C.  Brain  tissue  (~  10  mg  wet  weight)  was  homogenized  in 
1  ml  of  antioxidant  buffer.  After  dialysis  overnight  against  buffer  A, 
samples  were  delipidated  by  extraction  with  water/methanol/water- 
washed  diethyl  ether  (1:3:7;  v/v/v)  for  10  min.  Protein  precipitate  was 
recovered  by  centrifugation  at  500  X  g  for  10  min.  The  resulting  protein 
pellet  was  lipid  extracted  once  more  and  dried  under  N2.  Samples  (-1 
mg  of  protein)  were  dried  under  vacuum  in  1-ml  glass  reaction  vials  and 
immediately  suspended  in  0.6  ml  of  6  N  HC1  (Sequenal  grade,  Pierce) 
containing  0.1%  benzoic  acid  and  0.1%  phenol  (w/v).  Isotopically  labeled 
internal  standards  were  added,  and  samples  were  hydrolyzed  at  110  *C 
for  24  h  under  argon.  Aromatic  amino  acids  were  isolated  using  a 
solid-phase  C-18  column  (3  ml;  Supelclean  SPE,  Supelco  Inc.,  Belle- 
fonte,  PA)  (21)  and  converted  to  « -propyl  esters  by  addition  of  200  fi\  of 
HCl/n -propanol  (prepared  by  the  addition  of  one  volume  of  12  N  HC1  to 
three  volumes  of  n-propanol)  and  heating  for  1  h  at  65  °C.  After  evap¬ 
oration  of  excess  reagent  under  N2,  heptafluorobutyric  anhydride/ethyl 
acetate  (1:3,  v/v)  was  added,  and  the  samples  were  heated  at  65  °C  for 
15  min. 

Mass  Spectrometric  Analysis— Amino  acids  were  quantified  using 
isotope  dilution  negative-ion  electron  capture  GC/MS  using  a  Hewlett 
Packard  5890  gas  chromatograph  interfaced  with  a  Hewlett  Packard 
5988A  mass  spectrometer  with  extended  mass  range  (21).  Under  these 
chromatography  conditions,  authentic  compounds  and  isotopically  la¬ 
beled  standards  exhibited  retention  times  identical  to  those  of  analytes 
derived  from  tissue  samples.  The  limit  of  detection  (signal/noise  >10) 
was  <1  pmol  for  all  of  the  amino  acids.  The  ions  used  for  detecting 
analyte  and  internal  standard  were:  phenylalanine,  mlz  383  and  389 
ions;  tyrosine,  mlz  417  and  423  ions;  3-nitrotyrosine,  mlz  464  and  470 
ions;  ortho- tyrosine,  mlz  595  and  601  ions;  o,o'-dityrosine  mlz  1208 
and  1220  ions. 

Statistical  Analysis — Differences  between  two  groups  were  compared 
using  an  unpaired  Student’s  t  test.  Multiple  comparisons  were  per¬ 
formed  using  a  two-way  analysis  of  variance.  The  null  hypothesis  was 
rejected  at  the  0.05  level. 

RESULTS 

Mass  Spectrometric  Detection  of  3-Nitrotyrosine,  o,o'-Dity- 
rosine,  and  ortho-Tyrosine  in  Mouse  Brain — To  determine 
whether  oxidized  amino  acids  are  present  in  normal  mouse 
brain,  we  assayed  freshly  isolated  tissue  from  frontal  cortex, 
cerebellum,  ventral  mid  brain  and  striatum.  When  amino  acids 
from  acid  hydrolysates  of  each  tissue  were  isolated  and  deri- 
vatized  with  n -propanol  and  heptafluorobutyric  anhydride  and 
then  analyzed  by  GC/MS  in  the  negative-ion  electron  capture 
mode,  we  detected  compounds  that  exhibited  major  ions  and 
retention  times  identical  to  those  of  authentic  3-nitrotyrosine, 
ort/io-tyrosine,  and  o,o'-dityrosine.  Selected  ion  monitoring 
demonstrated  that  the  ions  derived  from  the  amino  acids  co¬ 
eluted  with  ions  derived  from  authentic  13C-labeled  internal 
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Fig.  1.  Detection  of  n -propyl  hep- 
tafluorobutyryl  derivatives  of  3-ni- 
trotyrosine  (A)  and  o,o'-dityrosine  (B) 
in  mouse  ventral  midbrain  by  se¬ 
lected  ion  monitoring  negative-ion 
electron  capture  GC/MS.  Tissue  sam¬ 
ples  were  delipidated,  acid-hydrolyzed, 
and  subjected  to  solid-phase  extraction  on 
a  C-18  column.  Isolated  oxidized  amino 
acids  were  derivatized  and  subjected  to 
GC/MS  analysis  as  described  under  “Ex¬ 
perimental  Procedures.”  Note  co-elution 
of  the  major  ion  expected  for  {A)  3-nitro- 
tyrosine  {mfz  464)  with  that  of 
S-mtrol^CJtyrosine  {mfz  470)  and  (JB ) 
o,o'-dityrosine  ( mfz  1208)  with  that  of 
OjO'-l^iJdityrosine  {mfz  1220). 


A  3-Nitrotyrosine  B  o,o-Dityrosine 


standards,  as  shown  in  Fig.  1  for  3-nitrotyrosine  and 
o,  o' -dityrosine. 

Levels  of  the  oxidized  amino  acids  varied  both  in  absolute 
magnitude  and  in  different  parts  of  the  brain  (Fig.  2-4).  All 
regions  demonstrated  relatively  high  levels  of  or/Zio-tyrosine  (~ 
0.5-1  mmol/mol  of  phenylalanine),  which  were  highest  in  the 
striatum.  In  contrast,  levels  of  3-nitrotyrosine  and  o,o '-dity¬ 
rosine  were  lower  than  those  of  ortho- tyrosine,  and  unlike 
ort/m-tyrosine  levels,  those  of  o,o' -dityrosine  were  lowest  in  the 
striatum.  However,  3-nitrotyrosine  levels  were  comparable  in 
all  areas  of  the  brain.  These  results  indicate  that  acid  hydro¬ 
lysates  of  normal  brain  tissue  proteins  contain  detectable  levels 
of  oxidized  amino  acids. 

3-Nitrotyrosine  Is  Elevated  in  Ventral  Midbrain  and  Stria¬ 
tum  of  MPTP-treated  Mice — To  determine  whether  MPTP  pro¬ 
motes  oxidative  damage  in  brain  proteins,  we  analyzed  sam¬ 
ples  from  eight  control  and  eight  MPTP-treated  animals, 
comparing  levels  of  oxidation  products  in  the  ventral  midbrain 
and  striatum,  two  regions  that  exhibit  marked  neuronal  injury 
in  MPTP-treated  mice.  We  also  analyzed  samples  from  the 
frontal  cortex  and  cerebellum,  two  regions  of  the  brain  that  are 
little  affected  by  MPTP.  Tissue  was  prepared  and  analyzed  by 
isotope  dilution  GC/MS  as  described  above. 

Levels  of  3-nitrotyrosine  in  the  ventral  midbrain  and  stria¬ 
tum  of  the  MPTP-treated  animals  were  markedly  higher  (110% 
and  90%,  respectively)  than  in  the  controls  (Fig.  2).  In  contrast, 
there  was  no  difference  in  level  of  3-nitrotyrosine  in  the  frontal 
cortex  or  cerebellum.  These  results  indicate  that  levels  of  3-ni¬ 
trotyrosine  increase  selectively  in  the  regions  of  the  brain  that 
are  susceptible  to  the  neurotoxic  action  of  MPTP. 

o, o' -Dityrosine  Is  Elevated  in  Ventral  Midbrain  and  Stria¬ 
tum  of  MPTP-treated  Mice— Levels  of  o, o' -dityrosine  showed  a 
strikingly  similar  pattern  of  increase  as  3-nitrotyrosine  (eleva¬ 
tions  of  120%  and  170%  compared  with  controls)  in  ventral 
midbrain  and  striatum,  two  regions  of  the  brain  that  are  vul¬ 
nerable  to  MPTP-mediated  neurotoxicity  (Fig.  3).  As  with  3-ni¬ 
trotyrosine,  there  was  no  difference  in  levels  of  o,o'-dityrosine 
in  the  frontal  cortex  or  cerebellum.  These  results  indicate  that 
levels  of  o,o '-dityrosine  increase  selectively  in  the  regions  of  the 
brain  that  are  vulnerable  to  MPTP-mediated  neuronal  injury. 

ortho-Tyrosine  Levels  Are  Unchanged  in  All  Regions  of  the 
Brain  in  MPTP-treated  Mice— In  contrast  to  3-nitrotyrosine 
and  o,o '-dityrosine,  there  was  no  change  in  the  levels  of  ortho- 
tyrosine  in  any  of  the  regions  of  the  brain  examined  (Fig.  4). 
Collectively,  these  results  indicate  that  levels  of  3-nitrotyrosine 
and  o,o '-dityrosine  increase  selectively  in  the  regions  of  the 
brain  that  are  susceptible  to  the  neurotoxic  action  of  MPTP.  In 
contrast,  ortho-tyrosine  does  not  accumulate  in  increased 


amounts  in  any  region  of  the  brain  examined  in  MPTP-treated 
animals. 

3-Nitrotyrosine,  o,  o'  -Dityrosine,  and  ortho-Tyrosine  in  Brain 
Tissue  Oxidized  by  Peroxynitrite  in  Vitro — To  evaluate  the  po¬ 
tential  usefulness  of  3-nitrotyrosine,  ortho- tyrosine  and  o,o'- 
di tyrosine  as  markers  for  oxidation  in  vitro ,  we  investigated  the 
product  yield  of  these  compounds  in  brain  proteins  that  had 
been  oxidized  in  vitro  by  ONOO-,  tyrosyl  radical,  and  HO*. 
Protein  used  for  the  in  vitro  studies  was  isolated  by  centrifu¬ 
gation  (10,000  X  g  for  10  min)  from  homogenate  prepared  from 
different  regions  of  the  brain.  In  brain  proteins  exposed  to  1  mM 
ONOO-,  there  was  a  dramatic  increase  (~  80-fold)  in  3-nitro- 
tyrosine  (Fig.  5A).  Proteins  isolated  from  different  regions  of 
the  brain  demonstrated  similar  increases  after  they  were  oxi¬ 
dized  in  vitro  with  ONOO-.  When  brain  protein  was  added  2 
min  after  ONOO-,  however,  protein  nitration  was  minimal, 
indicating  that  ONOO-  or  a  short-lived  species  derived  from 
ONOO-  nitrates  the  aromatic  ring  of  protein-bound  tyrosine 
(data  not  shown). 

Because  ONOO-  also  hydroxyl ates  aromatic  compounds  and 
promotes  cross-linking  of  phenolic  groups  (33),  we  determined 
whether  ortho- tyrosine  and  o,o '-dityrosine  form  in  brain  pro¬ 
teins  exposed  to  ONOO-.  Levels  of  ortho- tyrosine  and  o,o'- 
dityrosine  increased  2-3-fold  when  we  exposed  brain  protein  to 
this  reactive  nitrogen  species,  but  the  product  yields  of  o,o'- 
dityrosine  and  ortho- tyrosine  were  <5%  and  <25%  that  of 
3-nitrotyrosine  (Fig.  5,  B  and  C).  In  vitro  studies  of  model 
proteins  exposed  to  a  wide  variety  of  different  oxidation  sys¬ 
tems  have  previously  demonstrated  that  3-nitrotyrosine  is  a 
specific  marker  for  protein  oxidation  by  reactive  nitrogen  spe¬ 
cies  (34). 

Recent  studies  indicate  that  ONOO-  rapidly  reacts  with 
carbon  dioxide  to  generate  ONO2CO2  (35-41).  Bicarbonate  is 
in  equilibrium  with  carbonic  acid  that  is  present  in  extracellu¬ 
lar  fluids  primarily  as  carbon  dioxide,  its  conjugate  acid.  Bicar¬ 
bonate/carbon  dioxide  is  present  at  high  concentrations  in  vivo, 
and  the  reactivity  of  ONO2CO2  differs  from  that  of  ONOO 
(35-37).  We  therefore  determined  whether  the  addition  of  25 
mM  NaHCOs  to  the  reaction  buffer  affected  the  product  yields 
of  oxidized  amino  acids  in  brain  proteins  exposed  to  ONOO-. 
The  absolute  increases  and  relative  yields  of  3-nitrotyrosine, 
o,o'-dityrosine,  and  ortho -tyrosine  in  brain  proteins  exposed  to 
ONOO-  were  almost  identical  in  the  presence  and  absence  of 
added  bicarbonate/carbon  dioxide  (Fig.  5).  The  failure  of 
NaHC03  to  affect  the  product  yields  of  the  oxidized  amino  acids 
likely  reflects  the  presence  of  bicarbonate  in  brain  proteins 
and/or  reaction  mixture  used  for  the  experiments  (35-41). 

Taken  together,  these  results  indicate  that  3-nitrotyrosine  is 
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Fig.  2.  3-Nitrotyrosine  in  brain  pro¬ 
teins  isolated  from  control  and 
MPTP-treated  mice.  After  addition  of 
13C-labeIed  internal  standards,  tissue 
from  the  indicated  region  of  the  brain  was 
delipid ated,  hydrolyzed,  and  subjected  to 
solid-phase  extraction.  The  isolated 
amino  acids  were  derivatized  and  ana¬ 
lyzed  by  negative-ion  electron  capture 
GC/MS  with  selected  ion  monitoring. 
Three  independent  analyses  of  tissue 
were  performed  on  8  control  and  8  MPTP- 
treated  animals  for  a  total  of  24  analyses 
for  each  area  of  the  brain.  Values  are  the 
mean  ±  S.E.  and  are  normalized  to  tyro¬ 
sine  and  phenylalanine,  the  precursor 
amino  acids.  *,  p  <  0.05  by  analysis  of 
variance. 


Fig.  3.  o,o' -Dityrosine  in  brain  pro¬ 
teins  isolated  from  control  and 
MPTP-treated  mice.  Tissue  from  the  in¬ 
dicated  region  of  brain  in  control  and 
MPTP-treated  mice  was  subjected  to  iso¬ 
tope  dilution  GC/MS  analysis.  Values  are 
the  mean  ±  S.E.  of  triplicate  determina¬ 
tions  from  8  control  animals  and  8  MPTP- 
treated  animals.  *,p  <  0.05  by  analysis  of 
variance. 


Fig.  4.  ortAo-Tyrosine  in  brain  pro¬ 
teins  isolated  from  control  and 
MPTP-treated  mice.  Tissue  from  the  in¬ 
dicated  region  of  brain  in  control  and 
MPTP-treated  mice  was  subjected  to  iso¬ 
tope  dilution  GC/MS  analysis.  Values  are 
the  mean  ±  S.E.  of  triplicate  determina¬ 
tions  from  8  control  animals  and  8  MPTP- 
treated  animals. 


an  excellent  marker  for  proteins  oxidized  by  reactive  nitrogen  dicate  that  tyrosyl  radical  generated  by  myeloperoxidase  selec- 

species  in  vitro .  They  also  suggest  that  ortho-tyrosine  is  a  tively  raises  o,o' -dityro sine  levels  without  changing  levels  of 

significant  product  of  protein  oxidation  by  ONOO“.  In  contrast,  3-nitrotyrosine  or  orfAo-tyrosine. 

o,o '-dityrosine  is  a  relatively  minor  product.  Recent  studies  indicate  that  the  myeloperoxidase-H202  sys- 

3-Nitrotyrosine ,  o,o' -Dityrosine,  and  ortho-Tyrosine  in  Brain  tern  will  convert  tyrosine  into  3-nitrotyrosine  in  a  reaction  that 

Protein  Oxidized  in  Vitro  by  Myeloperoxidase-generated  Tyrosyl  requires  nitrite,  (33)  a  degradation  product  of  NO.  Brain  pro- 

Radical—We  exposed  protein  derived  from  various  areas  of  the  teins  incubated  with  myeloperoxidase,  0.1  mM  H202,  and  50  pM 

brain  to  tyrosyl  radical  generated  by  the  myeloperoxidase-  nitrite  had  3-nitrotyrosine  levels  similar  to  those  observed  in 

tyrosine-H202  system,  using  physiologically  plausible  levels  of  MPTP-treated  mice  (Table  I).  These  observations  indicate  that 

oxidant  and  substrate  (0.1  mM  H202  and  0.2  mM  tyrosine;  Ref.  myeloperoxidase  can  promote  the  formation  of  o,o '-dityrosine 

21).  o, o' -Dityrosine  was  the  major  product  of  the  reaction,  with  and  3-nitrotyrosine  by  two  distinct  pathways,  one  involving 

no  change  in  levels  of  either  3-nitrotyrosine  or  ortho- tyrosine  tyrosyl  radical  and  the  other  involving  reactive  nitrogen 

(Fig.  6).  All  regions  of  the  brain  exposed  to  tyrosyl  radical  species. 

showed  a  similar  increase  in  o,o '-dityrosine.  These  results  in-  3-Nitrotyrosine ,  o,  o'  -Dityrosine,  and  ortho-Tyrosine  in  Brain 
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Fig.  5.  Product  yields  of  3-nitrotyrosine  (A),  o,o'-dityrosine 
(B),  and  ortho-tyrosine  (O  in  brain  proteins  oxidized  in  vitro  by 
peroxynitrite.  Proteins  from  the  indicated  areas  of  the  brain  were 
incubated  for  10  min  at  37  °C  in  buffer  B  alone  (50  mM  sodium  phos¬ 
phate,  pH  7.4),  buffer  B  with  25  mM  HCOg ,  buffer  B  supplemented  with 
1  mM  ONOO",  or  buffer  B  with  1  mM  ONOO~  and  25  mM  HC0S. 
Reactions  were  initiated  by  the  addition  of  ONOO".  After  add  precip¬ 
itation  and  addition  of  13C-labeIed  internal  standards,  proteins  were 
hydrolyzed  and  subjected  to  solid-phase  extraction.  The  isolated  amino 
adds  were  derivatized  and  analyzed  by  isotope  dilution  negative-ion 
electron  capture  GC/MS  with  selected  ion  monitoring.  Values  are  the 
mean  ±  S.E.  of  triplicate  determinations  and  are  normalized  to  levels  of 
precursor  amino  acid.  Similar  results  were  observed  in  two  independent 
experiments.  *,  p  <  0.01  by  paired  t  test. 


Protein  Oxidized  by  Hydroxyl  Radical  in  Vitro — Proteins  iso¬ 
lated  from  the  cerebellum,  frontal  cortex,  ventral  midbrain, 
and  striatum  of  control  mice  were  incubated  with  a  HO*-gen- 
erating  system  (copper  plus  H202).  We  then  determined  levels 
of  3-nitrotyrosine,  o,o'-dityrosine,  and  ortho-tyrosine  in  amino 
acid  hydrolysates  of  the  proteins  using  isotope  dilution  GC/MS. 
ortho-Tyrosine  and  o,  o' -dityro  sine  accumulated  in  all  four  ar¬ 
eas  of  the  brain  (Fig.  7,  A  and  B).  In  contrast,  the  level  of 
3-nitrotyrosine  did  not  change  (Fig.  7C).  The  absolute  increase 
in  the  level  of  ortho- tyrosine  was  ~  10-fold  higher  than  that  of 
o,o'-dityrosine.  It  should  be  noted  that  copper  plus  H202  is  a 
metal-catalyzed  oxidation  system  that  generates  other  reactive 
species  in  addition  to  HO*  (42,  43).  In  vitro  studies  have  dem¬ 
onstrated,  however,  that  the  relative  product  yields  of  o,o'- 
dityrosine  and  ortho-tyrosine  are  similar  in  model  proteins 
exposed  to  copper  plus  H202  or  ionizing  radiation  (a  relatively 
pure  source  of  HO*;  Ref.  44).  These  observations  suggest  that 


Fig.  6.  Product  yields  of  3-nitrotyrosine  (A),  o, o' -dityro sine 
(B),  and  ortho-tyrosine  (C)  in  brain  proteins  oxidized  in  vitro  by 
myeloperoxidase-generated  tyrosyl  radical.  Proteins  from  the  in¬ 
dicated  areas  of  the  brain  were  incubated  for  30  min  at  37  °C  in  buffer 
B  containing  0.1  mM  DTPA  ( Control )  or  buffer  B  supplemented  with  of 
0.1  mM  H202,  20  nM  myeloperoxidase,  0.2  mM  L-tyrosine,  and  0.1  mM 
DTPA  (Tyrosyl  Radical).  Levels  of  oxidized  amino  acids  in  tissue  pro¬ 
teins  were  determined  by  isotope  dilution  GC/MS.  Values  are  the 
mean  ±  S.E.  of  triplicate  determinations  and  are  normalized  to  levels  of 
precursor  amino  acid.  Similar  results  were  observed  in  two  independent 
experiments.  *,  p  <  0.01. 


Table  I 

Product  yield  of  3-nitrotyrosine  in  brain  proteins  oxidized  in  vitro  by 
the  myeloperoxidase-H20 2-nitrite  system 
Proteins  from  the  indicated  area  were  incubated  for  30  min  at  37  °C 
in  buffer  B  supplemented  with  0.1  mM  DTPA  (Control)  or  buffer  B 
supplemented  with  20  nM  myeloperoxidase  (MPO),  0.1  mM  H202,  50  pM 
nitrite,  and  0.1  mM  DTPA.  Levels  of  protein-bound  3-nitrotyrosine  were 
determined  using  isotope  dilution  GC/MS.  Values  are  normalized  to  the 
content  of  the  precursor  amino  acid  tyrosine.  Values  are  the  mean  ± 
S.E.  of  three  determinations.  Similar  results  were  observed  in  two 
independent  experiments.  *,p  <  0.01. 


Brain  area 

3-Nitrotyrosine 

Control 

MPO  -H202-ni  trite 

Cerebellum 

Frontal  cortex 

Ventral  midbrain 
Striatum 

94  ±  16 
79  ±  13 
84  ±  12 
195  ±  28 

funol/mol 

313  ±  67* 

182  ±  16* 

268  ±  60* 

413  ±  42* 

ortho-tyrosine  might  serve  as  a  marker  for  protein  damage  by 
HO*  in  vivo. 

The  concentrations  of  oxidant  and  redox  catalysts  were  very 
different  in  the  HO'  and  tyrosyl  radical  systems.  There  was  50 
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Fig.  7.  Product  yields  of  3-nitrotyrosine  (A),  o,o'-dityrosine 
(B),  and  ortho-tyrosine  (C)  in  brain  proteins  oxidized  in  vitro  by 
hydroxyl  radical.  Proteins  from  the  indicated  areas  of  the  brain  were 
incubated  for  2  h  at  37  °C  in  buffer  B  (Control)  or  buffer  B  supple¬ 
mented  with  0.2  mM  CuS04  and  5  mM  H202  (HO*).  To  inhibit  residual 
tissue  catalase  activity,  0.1  mM  3-amino-l, 2, 4-triazole  was  included  in 
reaction  mixtures.  Levels  of  oxidized  amino  acids  in  tissue  proteins 
were  determined  by  isotope  dilution  GC/MS.  Values  are  the  mean  ± 
S.E.  of  triplicate  determinations  and  are  normalized  to  levels  of  precur¬ 
sor  amino  acid.  Similar  results  were  observed  in  two  independent 
experiments.  *,  p  <  0.01. 


times  as  much  H202  in  the  HO*  system  as  in  the  tyrosyl  radical 
system  (5  mM  versus  0.1  mM),  and  10,000  times  as  much  copper 
as  myeloperoxidase  (200  pM  versus  20  nM).  In  addition,  proteins 
were  exposed  to  the  HO*  system  for  4  times  longer  than  the 
tyrosyl  radical  system.  Despite  these  marked  differences,  the 
relative  yields  of  o,o'-dityrosine  were  similar  when  brain  pro¬ 
tein  was  exposed  to  either  HO*  or  tyrosyl  radical.  These  obser¬ 
vations  imply  that,  under  our  experimental  conditions,  my¬ 
eloperoxidase-generated  tyrosyl  radical  is  much  more  efficient 
than  HO'  at  producing  o,o '-dityrosine. 

DISCUSSION 

In  the  present  studies,  we  used  highly  sensitive  and  specific 
isotope  dilution  mass  spectrometric  methods  to  investigate  the 
pathways  that  oxidatively  damage  proteins  in  the  brain  under 
normal  and  pathological  situations.  We  focused  on  three  oxi¬ 
dants  of  potential  pathophysiological  significance:  ONOO“,  a 
product  of  the  interaction  between  O^  and  NO;  tyrosyl  radical 
generated  by  the  heme  protein  myeloperoxidase;  and  HO*  rad¬ 
ical  generated  by  a  metal-catalyzed  oxidation  system.  We  chose 
3-nitrotyrosine,  ortho- tyrosine,  and  o,o '-dityrosine  as  markers 
of  protein  oxidation  because  they  are  stable  to  acid  hydrolysis 


and  likely  represent  post-translational  modifications  of 
proteins. 

In  normal  mice,  we  found  detectable  levels  of  3-nitrotyrosine, 
ortho- tyrosine,  and  o,o '-dityrosine  in  all  brain  regions  studied. 
This  finding  is  consistent  with  the  view  that  basal  levels  of 
oxidatively  damaged  proteins  exist  in  physiological  situations, 
especially  in  the  brain.  They  probably  result  from  the  combi¬ 
nation  of  the  high  rate  of  oxygen  consumption  and  the  poor 
oxidant-scavenging  arsenal  that  characterize  this  organ.  This 
“basal  oxidative  stress”  seems  to  affect  not  only  proteins,  but 
DNA  as  well,  since  significant  levels  of  8-hydroxy-deox- 
yguanosine,  a  marker  of  oxidative  damage  to  DNA,  are  present 
in  normal  rodent  and  human  brains  (45,  46).  Collectively,  these 
data  support  the  idea  that  a  mild  but  persistent  oxidative 
stress  may  be  normal  and  may  lead,  over  time,  to  the  decline  in 
physiological  functions  that  characterize  aging  (47).  Interest¬ 
ingly,  levels  of  the  oxidation  markers  we  assayed  were  not 
constant  throughout  the  brain.  In  fact,  we  observed  significant 
variations  in  3-nitrotyrosine  and  ort/io-tyrosine  levels  among 
the  different  brain  regions  studied,  with  highest  levels  in  the 
striatum.  The  striatum  also  was  among  the  brain  regions  show¬ 
ing  the  highest  levels  of  8-hydroxy-deoxyguanosine  in  both  rats 
and  humans  (45,  46).  These  findings  are  in  keeping  with  the 
belief  that  the  striatum,  and  more  broadly,  the  basal  ganglia, 
are  vulnerable  to  oxidative  stress  and  frequently  affected  in 
oxidant-related  neurodegenerative  disorders  (3). 

Compared  with  saline-treated  controls,  the  brains  of  MPTP- 
treated  mice  exhibited  strikingly  elevated  levels  of  both  o,o'- 
dityrosine  and  3-nitrotyrosine.  Moreover,  we  observed  signifi¬ 
cant  increases  in  these  two  markers  in  striatum  and  in  ventral 
midbrain  but  not  in  frontal  cortex  and  cerebellum,  which  is 
consistent  with  the  specificity  of  MPTP’s  neurotoxic  effects  on 
the  nigrostriatal  dopaminergic  pathway.  These  observations 
indicate  that  MPTP  promotes  protein  oxidation  specifically  in 
brain  regions  known  to  be  affected  by  the  toxin  and  provide 
evidence  that  it  stimulates  both  the  production  of  reactive 
species  and  oxidative  damage  to  critical  cellular  elements. 

ortho -Tyrosine  was  the  major  product  when  brain  proteins 
were  exposed  in  vitro  to  HO*  generated  by  a  metal-catalyzed 
oxidation  system.  In  contrast,  or£/zo-tyrosine  concentrations 
were  not  altered  in  brain  tissue  from  MPTP-treated  mice. 
MPTP  has  been  proposed  to  enhance  HO’  production  by  im¬ 
pairing  mitochondrial  respiration  (17,  48,  49).  However,  the 
lack  of  a  detectable  increase  in  ortho-tyrosine  levels  in  the 
brain  of  MPTP-treated  mice  argues  against  a  prominent  role 
for  HO*  in  protein  damage  and  casts  doubt  on  the  participation 
of  HO*  in  MPTP-induced  neurotoxicity  in  vivo. 

The  marked  increase  in  3-nitrotyrosine  levels  after  MPTP 
administration  strongly  suggests  that  reactive  nitrogen  inter¬ 
mediates  play  key  roles  in  protein  oxidation.  Compelling  evi¬ 
dence  for  this  view  comes  from  our  in  vitro  experiments,  which 
show  that  ONOO-  causes  a  striking  elevation  of  3-nitroty¬ 
rosine,  with  a  significant  increase  in  ortho-tyrosine  and  a  much 
smaller  increase  in  o,o'-dityrosine.  Our  observations  are  in 
good  agreement  with  previous  demonstrations  that  inhibition 
of  nitric-oxide  synthase  attenuates  MPTP-induced  dopaminer¬ 
gic  toxicity  (16-18). 

Beal  and  collaborators  showed  that  MPTP  significantly  in¬ 
creases  striatal  levels  of  free  3-nitrotyrosine  in  mice  (17).  How¬ 
ever,  the  relationship  between  free  3-nitrotyrosine  and  3-nitro- 
tyrosine  in  proteins  is  unknown,  and  the  pathophysiological 
significance,  if  any,  of  free  3-nitrotyrosine  remains  to  be  deter¬ 
mined.  In  contrast,  protein  nitration  may  be  deleterious  be¬ 
cause  it  alters  the  pKa  of  tyrosine  and  can  affect  the  protein's 
secondary  and  tertiary  organization,  thereby  altering  its  func¬ 
tion,  as  we  have  demonstrated  for  tyrosine  hydroxylase  (30). 
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Therefore,  our  data  not  only  confirm  that  MPTP  increases 
brain  levels  of  3-nitrotyrosine,  but,  more  importantly,  they 
strongly  support  the  hypothesis  that  tyrosine  nitration  of  brain 
proteins  may  play  a  critical  role  in  the  MPTP  neurotoxic 
process. 

The  o,o'-dityrosine  increase  we  observed  after  MPTP  admin¬ 
istration  suggests  that  a  pathway  involving  tyrosyl  radical  may 
provide  a  second  physiologically  relevant  mechanism  for  pro¬ 
tein  oxidation  in  this  model.  In  all  cases  where  the  biochemical 
pathway  is  known,  a  heme  protein  mediates  0,0 '-dityrosine 
synthesis.  One  such  candidate  is  myeloperoxidase,  which  is 
specifically  expressed  by  myeloid  cells  and  may  be  present  at 
low  levels  in  brain  macrophages  and  microglial  cells.  It  also 
appears  to  be  up-regulated  in  activated  macrophage/microglial 
cells  around  demyelinating  lesions  in  multiple  sclerosis  (50). 

Myeloperoxidase  uses  H202  to  generate  oxidizing  intermedi¬ 
ates  that  destroy  invading  pathogens.  Recent  studies  indicate 
that  this  enzyme  and  other  heme  proteins  can  use  H202  to 
oxidize  nitrite,  a  decomposition  product  of  NO,  generating  3-ni- 
trotyrosine  and  other  nitration  products  in  vitro  (33,  51-53). 
Heme  proteins  also  oxidize  tyrosine  to  tyrosyl  radical,  a  reac¬ 
tive  intermediate  that  promotes  o,o '-dityrosine  formation. 
Brain  proteins  incubated  with  the  myeloperoxidase-nitrite- 
H202  system  demonstrated  an  increase  in  3-nitrotyrosine  lev¬ 
els  similar  to  those  observed  in  MPTP-treated  mice.  These 
observations  indicate  that  myeloperoxidase  can  promote  the 
formation  of  o,o '-dityrosine  and  3-nitrotyrosine  by  two  distinct 
pathways,  one  involving  tyrosyl  radical  and  the  other  involving 
reactive  nitrogen  species.  In  light  of  these  in  vitro  oxidation 
patterns  and  the  protective  effects  of  nitric-oxide  synthase  in¬ 
hibitors,  we  speculate  that  if  myeloperoxidase  or  other  heme 
proteins  contribute  to  the  neurotoxicity  of  MPTP,  they  act 
through  the  pathway  involving  reactive  nitrogen  species. 

In  the  MPTP  model,  a  strong  astrocytic  and  microglial  reac¬ 
tion  occurs  in  both  the  striatum  and  ventral  midbrain  soon 
after  dopamine  neurons  begin  to  die  (54).  This  robust  glial 
reaction  might  provide  the  necessary  cellular  substrate  for 
myeloperoxidase  induction  and  therefore  for  o,o' -dityrosine 
production.  According  to  this  scenario,  damage  inflicted  by 
tyrosyl  radical  may  be  a  secondary  event  in  MPTP-induced 
neurotoxicity.  This  does  not,  however,  undermine  the  patholog¬ 
ical  significance  of  myeloperoxidase  action,  which  would  peak 
during  the  most  active  phase  of  neurodegeneration  (55).  There¬ 
fore,  tyrosyl  radical  may  not  initiate  but  may  enhance  dopam¬ 
inergic  neuronal  death  in  the  MPTP  mouse  model  of  PD.  Other 
heme  proteins  that  can  catalyze  the  selective  increase  in  3-ni¬ 
trotyrosine  and  o,o '-dityrosine  in  the  brains  of  MPTP-treated 
mice  include  mitochondrial  heme  proteins  like  cytochrome  c. 
The  latter  might  be  especially  relevant  to  both  MPTP  and  PD 
because  a  large  body  of  evidence  points  to  the  mitochondrion  as 
the  site  of  the  major  deleterious  event  that  drives  dopaminergic 
neurodegeneration. 

The  overall  increase  in  oxidized  amino  acids  in  MPTP-in- 
duced  brain  injury  represents  ~2  in  10,000  protein  tyrosine 
residues.  One  could  raise  the  question  of  whether  this  low  level 
of  oxidation  products  is  likely  to  be  biologically  important.  We 
believe  that  the  increases  in  specific  oxidation  products  we 
observe  may  be  significant  for  several  reasons.  First,  similar 
levels  of  oxidation  products  have  been  reported  in  other  condi¬ 
tions  where  oxidative  damage  has  been  implicated  in  the 
pathogenesis  of  disease  (21,  34,  56-62).  Second,  an  inherent 
problem  with  the  analysis  of  biological  material  is  that  there  is 
substantial  "dilution”  of  the  targets  of  protein  oxidation  with 
proteins  present  in  surrounding  normal  tissue.  Therefore,  even 
with  substantial  damage  to  specific  proteins  it  is  conceivable 
that  the  overall  level  of  protein  oxidation  products  will  be  low. 


Indeed,  the  selective  nitration  of  tyrosine  hydroxylase  by  reac¬ 
tive  nitrogen  species  has  been  proposed  to  be  of  critical  patho¬ 
logic  importance  in  the  pathogenesis  of  PD  (30).  Third,  there 
could  be  other  targets  for  damage  by  reactive  oxidant  species 
such  as  lipids  and  DNA  that  are  biologically  relevant.  In  this 
sense,  the  products  we  have  quantified  may  be  serving  as 
markers  of  oxidative  damage.  Finally,  we  believe  that  our  in 
vitro  studies  provide  strong  evidence  that  the  pattern  of  eleva¬ 
tion  of  oxidized  amino  acids  serves  as  a  “molecular”  fingerprint 
for  the  pathways  that  are  mediating  oxidative  damage  in  vivo 
(19, 63).  Though  the  oxidation  products  themselves  may  or  may 
not  be  pathophysiologically  significant,  the  increases  in  3-ni¬ 
trotyrosine  and  o,o '-dityrosine  we  observe  point  toward  reac¬ 
tive  nitrogen  species  and  tyrosyl  radical  as  being  physiologi¬ 
cally  relevant.  In  contrast,  there  is  no  evidence  that  HO*  (the 
oxidant  generally  proposed  to  be  mediating  protein  damage)  is 
playing  a  role  in  this  model  of  PD. 

Because  of  the  similarity  between  the  MPTP  model  and  PD, 
it  is  possible  that  the  culprits  identified  above  may  underlie  the 
oxidative  attack  that  presumably  kills  dopaminergic  neurons 
in  PD.  Accordingly,  the  present  study  may  have  important 
implications  for  understanding  the  pathogenesis  of  PD  and  for 
developing  antioxidant  interventions  to  halt  or  retard  neuro- 
degeneration  in  this  disorder. 
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ABSTRACT  l-Methyl-4-phenyI-l,2,3,6-tetrahydropyri- 
dine  (MPTP)  is  a  neurotoxin  that  causes  parkinsonism  in 
humans  and  nonhuman  animals,  and  its  use  has  led  to  greater 
understanding  of  the  pathogenesis  of  Parkinson’s  disease. 
However,  its  molecular  targets  have  not  been  defined.  We  show 
that  mice  lacking  the  gene  for  poly(ADP-ribose)  polymerase 
(PARP),  which  catalyzes  the  attachment  of  ADP  ribose  units 
from  NAD  to  nuclear  proteins  after  DNA  damage,  are  dra¬ 
matically  spared  from  MPTP  neurotoxicity.  MPTP  potently 
activates  PARP  exclusively  in  vulnerable  dopamine  containing 
neurons  of  the  substantia  nigra.  MPTP  elicits  a  novel  pattern 
of  poly(ADP-ribosyl)ation  of  nuclear  proteins  that  completely 
depends  on  neuronally  derived  nitric  oxide.  Thus,  NO,  DNA 
damage,  and  PARP  activation  play  a  critical  role  in  MPTP- 
induced  parkinsonism  and  suggest  that  inhibitors  of  PARP 
may  have  protective  benefit  in  the  treatment  of  Parkinson’s 
disease. 


Parkinson’s  disease  (PD)  is  a  common  and  disabling  idiopathic 
neurodegenerative  disorder  characterized  by  tremor,  bradyki- 
nesia,  rigidity,  and  balance  difficulties.  These  motor  abnor¬ 
malities  are  attributed  to  depletion  of  brain  dopamine  (DA) 
that  results  from  the  dramatic  loss  of  dopaminergic  neurons  in 
the  substantia  nigra  pars  compacta  (SNpc)  (1-3).  Although 
there  are  therapies  available  for  PD  that  help  alleviate  symp¬ 
toms,  they  may  produce  major  side  effects  and  lose  efficacy 
over  time  as  they  do  not  modify  the  progressive  neurodegen¬ 
eration  in  PD  (4).  Insight  into  the  neurodegenerative  process 
in  PD  comes  from  the  use  of  the  selective  neuro toxin  1-methyl- 
4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP),  which  replicates 
parkinsonian  motor  signs  in  human  and  nonhuman  animals 
(5-11).  As  in  PD,  MPTP  can  produce  loss  of  dopaminergic 
neurons  within  the  SNpc,  Lewy  body-like  intraneuronal  eo¬ 
sinophilic  inclusions,  markers  of  increased  oxidative  stress,  and 
decrements  in  mitochondrial  complex  I  activity  (5-8).  Recent 
studies  suggest  that  nitric  oxide  (NO)  and  superoxide  anion 
(O2 )  may  play  a  role  in  MPTP  neurotoxicity  through  mech¬ 
anisms  that  are  not  known  (12-16).  Peroxynitrite  is  thought  to 
play  a  prominent  role  in  O2  and  NO-mediated  neurotoxicity, 
which  can  result  in  cell  death  with  both  apoptotic  and  nonapo- 
ptotic  morphologies  (17-19).  NO,  O2 ,  and  peroxynitrite  have 
vast  potential  targets,  but  share  at  least  one  common  down¬ 
stream  target  in  that  they  damage  DNA  (17-20).  DNA  damage 
is  a  prime  activator  of  poly(ADP-ribose)  polymerase  (PARP, 
EC  2.4.4.30),  which  uses  NAD  as  a  substrate  to  transfer  ADP 
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ribose  groups  to  a  variety  of  nuclear  proteins.  PARP  is 
activated  by  binding  to  DNA  ends  or  strand  breaks,  and  its 
activity  is  strictly  proportional  to  the  number  of  DNA  breaks, 
whereas  it  is  totally  inactive  in  the  absence  of  DNA  breaks 
(20-25).  One  of  the  earliest  nuclear  events  that  follows  DNA 
strand  breakage  in  response  to  exposure  to  free  radicals  is  the 
poly(ADP-ribosyl)ation  of  nuclear  proteins  that  are  localized 
predominantly  adjacent  to  the  DNA  strand  breaks.  Although 
PARP  is  a  prominent  caspase  cleavage  target  during  apoptosis, 
it  is  unlikely  to  play  a  prominent  role  in  apoptotic  cell  death  as 
cells  lacking  the  gene  for  PARP  are  equally  susceptible  to 
apoptosis  induced  by  tumor  necrosis  factor  a,  Fas  ligand,  or 
y-irradiation  (26,  27).  Furthermore,  PARP  is  activated  pri¬ 
marily  by  single-strand  nicks  of  DNA  that  typically  occur  after 
free  radical  damage,  but  it  is  insensitive  to  double-strand  DNA 
ends  that  typically  occur  during  apoptosis  (28).  The  exact 
function  of  PARP  is  not  clear,  but  it  is  thought  to  play 
accessory  roles  in  DNA  replication,  genomic  stability,  recom¬ 
bination,  and  DNA  repair  (20-23,  29,  30).  Although  massive 
activation  of  PARP  in  acute  injury  of  neurons  during  stroke 
leads  to  cell  death,  most  likely  through  energy  depletion 
(31-34),  its  potential  role  in  a  chronic  neurodegenerative 
process  is  not  known.  In  the  present  study  we  show  that  PARP 
activation  is  instrumental  in  MPTP-induced  parkinsonism  and 
dopaminergic  neuronal  loss. 

METHODS 

Animals.  All  experiments  were  approved  and  conformed  to 
the  guidelines  set  by  the  Institutional  Animal  Care  Committee. 
To  avoid  differences  caused  from  strain  effect  or  divergent 
genetic  lines,  PARP~!~  mice  used  in  this  study  were  on  a  pure 
129  Sv/Ev  background  (26)  with  the  colony  maintained  by 
outbreeding  with  purebred  129  Sv/Ev  wild-type  (WT)  controls 
(Taconic  Farms).  Thus  the  PARP~!~  mice  are  of  the  same 
strain  as  controls,  and  inbreeding  effects  are  minimized.  All 
mice  were  also  age-  and  gender-matched  (male,  60-90  days 
old)  to  avoid  known  effects  of  age  and  estrogen  on  MPTP- 
induced  neurotoxicity. 


This  paper  was  submitted  directly  (Track  II)  to  the  Proceedings  office. 
Abbreviations:  MPTP,  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridinc; 
PARP,  poly(ADP-ribose)  polymerase;  PD,  Parkinson’s  disease;  DA, 
dopamine;  SNpc,  substantia  nigra  pars  compacta;  DOPAC,  dihydroxy- 
phenylacetic  acid;  HVA,  homovanillic  acid;  TH,  tyrosine  hydroxylase; 
PB,  phosphate  buffer;  WT,  wild  type;  MPP+,  l-mcthyl-4-phenyl- 
pyridimium;  MAO-B,  monoamine  oxidase  B;  nNOS,  neuronal  NO 
synthase. 

**To  whom  reprint  requests  should  be  addressed  at:  Department  of 
Neurology,  Johns  Hopkins  University  School  of  Medicine,  600 
North  Wolfe  Street,  Carnegie  2-214,  Baltimore,  MD  21287.  e-mail: 
tdawson@jhmi.edu. 


5774 


Neurobiology:  Mandir  et  al. 


Proc.  Natl.  Acad.  Sci.  USA  96  (1999)  5775 


MPTP  Treatment.  PARP~H  and  WT  mice  were  housed 
three  to  a  cage  in  a  temperature-controlled  room  with  12-hr 
dark/light  cycle  and  free  access  to  food  and  water  for  the 
duration  of  the  experiment.  Each  mouse  received  four  i.p. 
injections  of  MPTP-HC1  (20  mg/kg  free  base,  Research 
Biochemicals)  in  saline  or  saline  alone  at  2-hr  intervals. 

Measurement  of  Striatal  DA,  Dihydroxyphenylacetic  Acid 
(DOPAC),  and  Homovanillic  Acid  (HVA)  Levels.  HPLC  with 
electrochemical  detection  was  used  to  measure  striatal  levels 
of  DA,  DOPAC,  and  HVA  (14,  15).  Seven  days  after  the  last 
MPTP  injection,  mice  (4-6  per  group)  were  sacrificed,  brains 
were  quickly  removed,  and  striata  were  dissected  out  on  an 
ice-cold  glass  Petri  dish  (35).  Samples  were  immediately  frozen 
on  dry  ice  and  stored  at  -80°C  until  analysis.  On  the  day  of  the 
assay,  tissue  samples  were  sonicated  in  50  volumes  of  0.1  M 
perchloric  acid  containing  25  jutg/ml  of  dihydrobenzylamine 
(Sigma)  as  internal  standard.  After  centrifugation  (15,000  X  g , 
10  min,  4°C),  20  jtil  of  supernatant  was  injected  onto  a 
C18-reversed  phase  RP-80  catecholamine  column  (ESA,  Bed¬ 
ford,  MA).  The  mobile  phase  consisted  of  90%  of  a  solution 
of  50  mM  sodium  phosphate,  0.2  mM  EDTA,  and  1.2  mM 
heptanesulfonic  acid  (pH  =  3.5)  and  10%  methanol.  Flow  rate 
was  1.0  ml/min.  Peaks  were  detected  by  a  Coulochem  5100A 
detector  (El  =  —0.04  V,  E2  =  4-  0.35  V)  (ESA).  Data  were 
collected  and  processed  on  a  computerized  Dynamax  data 
manager  (Rainin  Instruments). 

Measurement  of  Striatal  l-Methyl-4-Phenylpyridimium 
(MPP+)  Levels.  HPLC  with  UV  detection  (wavelength  295 
nm)  was  used  to  measure  striatal  MPP+  levels  (14).  PARP1^ 
and  WT  mice  (three  per  time  point)  were  sacrificed  90,  120, 
and  240  min  after  the  fourth  MPTP  injection.  Striata  were 
dissected  as  above,  immediately  frozen,  and  stored  at  -80°C 
until  analysis.  On  the  day  of  the  assay,  tissue  samples  were 
sonicated  in  5  vol  of  5%  tricholoracetic  acid  containing  5 
fx g/ml  of  4-phenylpyridine  (Sigma)  as  internal  standard.  After 
centrifugation  (as  for  catecholamines),  50-100  /xl  of  superna¬ 
tant  was  injected  onto  a  cation-exchange  Ultracyl-CS  column 
(Beckman,  San  Ramon,  CA).  The  mobile  phase  consisted  of 
90%  of  a  solution  of  0.1  M  acetic  acid  and  75  mM  triethyl- 
amine-HCl  (pH  2.35  adjusted  with  formic  acid),  and  10% 
acetonitrile.  The  flow  rate  was  1.5  ml.  Data  were  collected  and 
processed  as  above. 

Immunohistochemistry.  For  tyrosine  hydroxylase  (TH)  im- 
munohistochemistry  and  Nissl  staining,  at  7  days  after  the  last 
dose  of  MPTP,  mice  (five  per  group)  were  perfusion-fixed  with 
4%  paraformaldehyde  in  0.1  M  phosphate  buffer  (PB),  pH  7.4 
as  described  (15).  After  postfixation  in  the  same  fixative 
solution,  and  cryoprotection  in  20%  sucrose/PB,  brains  were 
frozen  and  serially  sectioned  (30  jam  for  TH)  through  the 
entire  midbrain.  Alternate  sections  were  stained  for  Nissl  or 
TH.  Neurons  containing  TH  were  demonstrated  by  incubating 
the  tissue  sections  successively  with  a  rabbit  polyclonal  an- 
ti-TH  antibody  (1:1,000,  Eugene  Tech,  Ridgefield  Park,  NJ), 
a  biotinylated-conjugated  polyclonal  goat  anti-rabbit  antibody 
(1:200;  Vector  Laboratories),  and  a  horseradish-peroxidase- 
conjugated  avidin/biotin  complex  (Vector)  as  described 
(15,  36). 

Poly(ADP-Ribose)  Polymer  Western  Blots  and  Immunohis¬ 
tochemistry.  Ventrolateral  midbrain  and  striata  were  dissected 
from  mice  treated  with  MPTP  and  immediately  frozen.  Sam¬ 
ples  were  homogenized  in  buffer  (sucrose/DTT)  and  centri¬ 
fuged  (5  min,  14,000  X  g),  and  the  pellet  was  resuspended  in 
buffer.  Protein  concentrations  were  determined  by  the  Brad¬ 
ford  assay,  and  equal  samples  were  loaded  on  a  gradient 
SDS/PAGE  (30  /xg  per  lane).  The  gels  were  transferred  to  a 
nitrocellulose  membrane  and  incubated  with  anti-poly(ADP- 
ribose)  mAb.  Membranes  were  stained  with  Ponceau  S  (0.1%) 
to  confirm  equal  loading  and  transfer.  After  blocking  of 
nonspecific  sites,  membranes  were  incubated  with  antibodies 
to  poly(ADP-ribose)  (1:250).  Bands  were  visualized  via  chemi- 


luminesence.  For  immunohistochemistry  mice  were  perfusion- 
fixed  in  4%  paraformaldehyde  in  0.1  M  PB  (pH  7.4)  first  by 
deeply  anesthetizing  the  animal  with  i.p.  pentobarbital.  Chilled 
1 X  PBS  was  infused  into  the  left  ventricle  as  blood  was  allowed 
to  escape  the  right  atrium.  Once  blood  was  replaced  by  PBS, 
the  PB-paraformaldehyde  was  infused.  After  infusion,  the 
brain  was  removed  and  allowed  to  postfix  in  PB-paraformal¬ 
dehyde  for  4  hr  and  then  transferred  to  20%  glycerol/PB  for 
cryoprotection.  The  brains  were  blocked  and  frozen  for  sliding 
microtome  sectioning.  Serial  sections  (40  jam)  through  the 
midbrain  and  striatum  were  taken  and  incubated  with  a 
polyclonal  guinea  pig  antibody  to  poly(ADP-ribose)  (1:400)  in 
PBS-12%  BSA  overnight  at  4°C.  Sections  were  washed  for  10 
min  X  3  in  PBS-12%  BSA  and  incubated  with  secondary 
anti-guinea  pig  antibodies  (biotin-conjugated,  Jackson  Immu- 
noResearch)  in  PBS-12%  BSA  at  room  temperature  for  45 
min.  Texas-red  (Vector  Laboratories)  was  used  to  visualize  the 
immunostaining.  Sections  were  washed  for  10  min  X  2  in 
PBS-12%  and  then  for  10  min  X  2  in  PBS.  Slides  were  mounted 
with  PBS  in  80%  glycerol  and  visualized  by  fluorescence 
microscopy  through  a  green  filter.  A  black  and  white  camera 
digitally  captured  the  image  to  a  computer,  which  then  was 
pseudocolored  red  (IP  Scanalytics,  Fairfax,  VA). 

Stereology.  The  total  number  of  TH-  and  Nissl-stained  SNpc 
neurons  were  counted  from  five  mice  per  group  by  using  the 
optical  fractionator  (37),  an  unbiased  method  of  cell  counting 
that  is  not  affected  by  either  the  volume  of  reference  (i.e., 
SNpc)  or  the  size  of  the  counted  elements  (i.e.,  neurons). 
Neuronal  counts  were  performed  by  using  a  computer-assisted 
image  analysis  system  consisting  of  a  Zeiss  Axiophot  photomi¬ 
croscope  equipped  with  a  MC-XYZ-LC  (Applied  Scientific 
Instrumentation,  Eugene,  OR)  computer-controlled  motor¬ 
ized  stage,  a  DAGE-MTA  (Michigan,  IN)  video  camera,  a 
Macintosh  9600  workstation,  and  NeuroZoom  morphometry 
software  (Scripps  Research  Institute,  La  Jolla,  CA)  (38).  In 
agreement  with  this  method,  TH-  and  Nissl-stained  neurons 
were  counted  in  the  right  and  left  SNpc  of  every  fourth  section 
throughout  the  entire  extent  of  the  SNpc.  Each  midbrain 
section  was  viewed  at  low  power  (X 10  objective),  and  the  SNpc 
was  outlined  by  using  the  set  of  anatomical  landmarks  defined 
previously  (15, 36).  Then  at  a  random  start,  the  number  of  TH- 
and  Nissl-stained  cells  were  counted  at  high  power  (X100  oil; 
numerical  aperture  1.4).  To  avoid  double  counting  of  neurons 
with  unusual  shapes,  TH-  and  Nissl-stained  cells  were  counted 
only  when  their  nuclei  were  optimally  visualized,  which  oc¬ 
curred  only  in  one  focal  plane.  In  addition,  neurons  were 
differentiated  from  nonneuronal  cells,  including  glia,  in  the 
Nissl  stain  by  the  exclusion  of  cells  that  did  not  have  a  clearly 
defined  nucleus,  cytoplasm,  and  a  prominent  nucleolus.  Al¬ 
though  some  small  neurons  may  be  excluded,  these  criteria 
should  reliably  exclude  all  non-neuronal  cells.  After  all  of  the 
TH-  and  Nissl-stained  neurons  were  counted,  the  total  num¬ 
bers  of  TH-  and  Nissl-stained  neurons  in  the  SNpc  were 
calculated  by  using  the  formula  described  by  West  et  al.  (37). 

Statistical  Analysis.  Throughout  the  experiments,  the  in¬ 
vestigators  were  blinded  to  the  genotype  of  the  mice  (i.e., 
PARP~f~  or  WT)  and  the  treatment  received  (i.e.,  MPTP  or 
saline).  All  values  are  expressed  as  the  mean  ±  SEM.  Differ¬ 
ences  among  means  were  analyzed  by  using  one-way  or  two- 
way  ANOVA.  When  two-way  ANOVA  was  appropriate,  the 
different  genotypes  and  treatments  were  used  as  the  indepen¬ 
dent  factors.  When  ANOVA  showed  significant  differences, 
pair-wise  comparisons  between  means  were  tested  by  Fisher  or 
Newman-Keuls  post  hoc  tests.  In  all  analyses,  the  null  hypoth¬ 
esis  was  rejected  at  the  0.05  level.  All  statistical  analyses  were 
performed  by  using  statview  (Abacus  Software,  San  Fran¬ 
cisco). 
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Most  pharmacological  PARP  inhibitors  lack  specificity  and 
have  poor  central  nervous  system  bioavailability,  raising  seri¬ 
ous  questions  about  the  validity  of  in  vivo  studies  (20-22).  To 
overcome  these  problems  and  to  ascertain  whether  PARP 
activation  participates  in  MPTP  neurotoxicity,  we  examined 
the  effects  of  MPTP  in  mice  with  targeted  disruption  of  the 
gene  that  encodes  for  PARP  (. PARP ~l~)  (26,  39)  compared 
with  strain-,  age-,  and  gender-matched  WT  controls  (Fig.  1). 
It  is  important  to  mention  that  the  PARP~!~  mice  used  in  this 
study  arc  congcnic  and  outbred  with  the  129  Sv/Ev  strain  (26), 
thus  any  observed  phenotype  is  most  likely  caused  by  the 
absence  of  the  PARP  gene  and  is  not  the  result  of  genetic  strain 
effects.  One  week  after  four  injections  of  MPTP  at  20  mg/kg, 
an  80-90%  reduction  in  striatal  DA,  DOPAC,  and  HVA  is 
observed  in  WT  mice  (Fig.  1).  PARP~!~  mice  are  resistant  to 
the  toxic  effects  of  MPTP  and  show  significantly  lower  reduc¬ 
tions  in  DA,  DOPAC,  and  HVA  levels  than  WT  mice  (Fig.  1). 

In  addition  to  the  destruction  of  DA  nerve  terminals  in  the 
striatum,  there  is  an  accompanying  loss  of  DA  cell  bodies  in  the 
SNpc  in  PD.  Furthermore,  MPTP-induced  destruction  of  DA 
nerve  terminals  does  not  necessarily  equate  with  loss  of  cell 
bodies  (40,  41).  Thus,  it  is  important  to  determine  whether  the 
absence  of  PARP  protects  against  the  actual  loss  of  DA 
neurons  in  the  MPTP  mouse  model.  By  using  stereological 
techniques,  we  counted  the  number  of  nigral  TH-positive 
neurons  in  saline-injected  WT  and  PARP~ mice  1  week  after 
four  injections  of  MPTP  at  20  mg/kg  (Fig.  2).  In  WT  and 
PARP~I~  mice  there  is  a  large  number  of  TH-positive  cell 
bodies  intermingled  with  a  dense  network  of  TH-positive 
nerve  fibers  within  the  SNpc,  and  there  is  no  significant 
difference  in  the  number  of  TH-positive  cells  between  the  two 
groups  of  saline-injected  animals  (data  not  shown).  MPTP 
causes  a  60%  reduction  in  nigral  TH-positive  neurons  in  WT 
mice  compared  with  saline-injected  controls.  The  loss  of  SNpc 
TH-positive  neurons  after  MPTP  is  virtually  abolished  in 
PARP~/~  mice  (Fig.  2).  MPTP  also  causes  a  60%  reduction  in 
Nissl-staincd  SNpc  neurons  after  MPTP  in  WT  mice,  whereas 
Nissl-staincd  SNpc  neurons  are  completely  spared  in  PARP~'~ 
mice  (Fig.  2).  The  preservation  of  both  TH  and  Nissl-stained 
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Fig.  1.  PARP  mice  are  resistant  to  the  toxic  effects  of  MPTP. 
HPLC  with  electrochemical  detection  of  DA  and  metabolites,  HVA 
and  DOPAC,  1  week  after  MPTP  administration.  All  animals  arc  on 
a  pure  genetic  background  of  129  SvEv.  No  differences  in  striatal  DA 
or  metabolite  content  was  observed  in  WT  or  PARP~!~  animals  after 
saline  injection,  and  these  values  are  graphically  combined  (rt  -  10). 
WT  animals  (//  =  8)  injected  with  MPTP  (20  mg/kg  x4)  have 
significant  reductions  in  DA  and  metabolites  compared  with  saline 
controls  and  PARP~>~  (n  =  5).  Two-way  ANOVA,  P  <  0.004  for  DA, 
HVA,  and  DOPAC.  Studcnt-Newman-Keuls  post  hoc  analysis,  *,  P  < 
0.05  WT  MPTP  vs.  saline,  t,  P  <  0.05  WT  MPTP  vs.  PARP  MPTP. 


neurons  in  the  PARP~f~  mice  indicates  that  the  absence  of 
PARP  prevents  the  MPTP-induced  death  of  SNpc  neurons. 

MPTP  requires  conversion  to  MPP+  by  monoamine  oxidase 
B  (MAO-B)  to  elicit  neurotoxicity  (42).  MPP+  then  is  trans¬ 
ported  into  DA  neurons  where  it  concentrates  in  the  mito¬ 
chondria  and  inhibits  complex  I  (43-46).  To  ensure  that  the 
protection  afforded  by  the  disruption  of  the  PARP  gene  is  not 
caused  by  alterations  in  MPP+  concentrations  in  the  brain  we 
monitored  MAO-B  activity  and  striatal  MPP+  levels  in  WT 
and  PARP~!~  mice.  Brain  MAO-B  activity  is  not  significantly 
different  between  WT  and  PARP~!~  mice  (Table  1).  Because 
striatal  MPP+  levels  correlate  significantly  with  the  degree  of 
DA  neurotoxicity,  we  also  monitored  striatal  MPP+  levels  in 
WT  versus  PARP~f~  mice.  Previously  we  had  shown  that 
striatal  MPP+  content  reaches  a  peak  level  approximately  90 
min  after  MPTP  injection  (15).  Accordingly,  we  determined 
striatal  MPP+  content  at  90  min  after  four  injections  of  MPTP 
as  well  as  2  and  4  hr  after  the  fourth  MPTP  injection  (Table 
2).  At  no  time  point  was  the  striatal  MPP+  level  significantly 
different  between  WT  and  PARP mice.  Thus,  the  absence 
of  the  functional  PARP  protein  by  genetic  knockout  accounts 
for  MPTP  resistance  in  PARP~!~  mice. 

Poly(ADP-ribose)  formation  via  nuclear  protein  modifica¬ 
tion  is  a  marker  of  PARP  catalytic  activity  (20-22,  24,  25,  29, 
30,  47-49).  In  preliminary  experiments  we  examined  several 
time  points  after  MPTP  injection  to  determine  when  PARP  is 
activated  (data  not  shown).  We  monitored  poly(ADP- 
ribosyl)ation  by  using  a  highly  selective  and  specific  mAb  to 
poly(ADP-ribose).  We  failed  to  observe  any  PARP  activity  in 
the  mouse  ventral  midbrain,  which  contains  the  SNpc  until 
after  the  fourth  injection  of  MPTP  (Fig.  3).  Poly(ADP- 
ribosyl)ation  of  nuclear  proteins  is  maximal  at  2  hr  after  the 
fourth  injection,  and  it  is  still  present  at  72  hr  after  the  fourth 
injection.  No  poly(ADP-ribose)  is  detected  in  the  striatum  of 
WT  animals  after  MPTP  administration,  confirming  the  spec¬ 
ificity  of  the  detection  of  poly(ADP-ribose)  (data  not  shown). 
In  addition  to  undergoing  automodification,  PARP  catalyzes 
the  poly(ADP-ribosyl)ation  of  several  nuclear  proteins,  includ¬ 
ing  histones,  topoisomerase  I  and  II,  DNA  polymerase  a, 
proliferating  cell  nuclear  antigen,  and  p53,  all  of  which  play  a 
role  in  reactions  involving  DNA  strand  breaks.  PARP  is  usually 
the  major  protein  that  is  poly(ADP-ribosyl)ated;  however, 
unexpectedly  we  observe  that  several  of  these  potential  alter¬ 
native  acceptors  are  strongly  poly(ADP-ribosyl)ated  after 
MPTP.  The  precise  identities  of  the  ADP-ribosylated  proteins 
under  these  conditions  have  not  been  established;  however, 
based  on  prior  observations,  the  bands  at  116  kDa,  100  kDa, 
and  53  kDa  may  represent  PARP,  topoisomerase  I  and  p53, 
respectively  (49-51).  In  striking  contrast  there  is  no  poly(ADP- 
ribose)  formation  in  the  PARP~~!~  mice  after  MPTP  admin¬ 
istration  (Fig.  3). 

NO  is  thought  to  play  a  major  role  in  activating  PARP 
through  its  ability  to  promote  nonapoptotic  DNA  damage  (32, 
33).  To  determine  whether  there  is  a  link  between  NO  and 
PARP  in  MPTP-induced  parkinsonism,  we  monitored  poly- 
(ADP-ribosyl)ation  after  MPTP  administration  in  mice  lack¬ 
ing  the  gene  for  neuronal  NO  synthase  ( nNOS~f~ )  (52). 
Remarkably,  we  do  not  detect  any  poly(ADP-ribose)  forma¬ 
tion  in  nNOS~f~  mice  (Fig.  3).  These  data  coupled  with  the 
observation  that  NO  plays  a  role  in  MPTP-induced  cell  death 
(12,  13,  15,  16)  indicate  that  NO-induced  DNA  damage  is 
necessary  for  PARP  activation  in  MPTP  neurotoxicity. 

To  ascertain  whether  poly(ADP-ribose)  formation  was  spe¬ 
cific  to  MPTP-injured  DA  neurons  in  the  SNpc,  we  monitored 
the  cellular  localization  of  poly(ADP-ribose)  formation  via 
immunocytochemistry  in  the  SNpc  of  WT  versus  PARP~f~ 
mice  and  nNOS^H  mice  (Fig.  4).  We  observe  intense  nuclear 
poly(ADP-ribosyI)ation  in  TH-positive  SNpc  neurons  from 
WT  mice  but  fail  to  observe  any  poly(ADP-ribose)  formation 
in  nuclei  of  PARP~f~  mice  and  nNOS~f~  mice  (Fig.  4). 
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Fig  2  DA  neurons  from  PARP~!~  mice  are  resistant  to  MPTP  neurotoxicity.  TH  immunostaining  of  representative  midbrain  sections  7  days 
after  MPTP  adminstration  from  (A)  saline-injected  WT,  (B)  saline-injected  PARP (C)  MPTP-injected  WT,  and  (D)  MPTP-injected  PARP  / 
mice.  ( E )  A  significant  reduction  of  TH-immunopositive  neurons  is  seen  in  the  WT  mice  receiving  MPTP  (/i  =  5)  compared  with  saline  controls 
(ti  -  8)  (*,  ANOVA  with  Fisher  post  hoc,  P  <  0.0001  WT  MPTP  vs.  saline).  No  statistical  difference  is  seen  between  saline  controls  and  PARP  1 
(n  =  4)  1  week  after  MPTP  administration  (ANOVA).  Counts  of  Nissl-stained  neurons  in  midbrain  yielded  similar  results  (data  not  shown). 


DISCUSSION 


The  major  finding  of  this  study  is  that  PARP  activation  is  a 
principal  determinant  of  MPTP-induced  dopaminergic  cell 
death.  The  profound  protection  against  MPTP  neurotoxicity 
in  the  PARP~H  mice  coupled  with  the  observation  that  DNA 
is  fragmented  after  MPTP  both  in  vivo  and  in  vitro  (53,  54) 
implicates  DNA  damage  in  MPTP-induced  neuronal  killing. 
Previous  studies  indicate  that  neuronally  derived  NO  and  OJ 
play  an  important  role  in  MPTP  neurotoxicity.  Protection 
against  MPTP  neurotoxicity  is  provided  by  selective  nNOS 
inhibitors  or  the  absence  of  the  nNOS  gene  (12, 1 3, 15).  MPP+ 

Table  1.  MAO-B  catalytic  activity  in  drug  naive  WT  and  PARP~I~ 
mice 

MAO-B  activity 

_ mM _ Kmax,  pmol/mg  per  min 

WT  5.21  ±  1.36  148.2  ±  11.9 

PARP-* ~  5.46  ±  1.71 _ 169.7  ±  16.4 _ 

Data  are  the  means  ±  SEM,  n  =  3  for  each  value.  No  significant 
difference  exists  in  MAO-B  catalytic  activity  (ANOVA)  between 
PARP-I-  or  WT. 


directly  inhibits  complex  I  of  the  mitochondria,  leading  to  the 
generation  of  superoxide  anion  (55,  56).  The  combination  of 
NO  and  O2 ,  which  forms  peroxynitrite,  is  probably  the  force 
behind  DNA  damage  in  MPTP-induced  neurotoxicity  as  the 
footprints  of  peroxynitrite-,  nitrotyrosine-  (12),  and  nitroty- 
rosine-modified  proteins  (57),  are  readily  detected  after 
MPTP  administration.  Our  observations  that  PARP  is  not 
activated  in  nNOS ~l~  mice  after  MPTP  links  NO,  peroxyni¬ 
trite,  and  PARP  activation  in  cell  death  mediated  by  MPTP. 
PARP  activation  is  not  seen  until  the  fourth  injection  of  MPTP 
in  our  paradigm.  It  is  likely  that  a  critical  threshold  of 
peroxynitrite  formation  is  required  to  initiate  the  cascade  of 


Table  2.  Striatal  MPP+  levels  in  WT  and  PARP  1  mice 


MPP 

+  levels,  jLtg/gm  striatum 

90  min 

120  min 

240  min 

WT  3.33  ±  0.35 

PARP-/-  3.03  ±  0.35 

1.95  ±  0.38 

2.12  ±  0.28 

0.44  ±  0.06 
0.40  ±0.13 

MPP+  levels  were  determined  at  the  times  indicated  after  treatment 
with  MPTP.  Data  are  the  means  ±  SEM,  n  =  3  for  each  value.  No 

significant  difference  exists  in  MPP+  levels  (two-way  ANOVA)  be¬ 
tween  PARP~N  or  WT. 
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Fig.  3.  MPTP  induces  marked  levels  of  po1y(ADP-ribosyl)ation  of 
nuclear  proteins.  I  mm  u  noblot  analysis  with  mAh  to  poly(ADP-ribose). 
(A)  No  evidence  of  poly(ADP-ribosyl)ation  is  seen  until  after  the 
fourth  injection  of  MPTP.  Polymer  formation  peaked  at  2  hr  after  the 
fourth  dose  and  is  still  detectable  at  72  hr.  ( B )  No  polymer  formation 
is  seen  in  PARP  f~  or  nNOS mice.  No  polymer  formation  is  seen 
in  the  striata  of  WT  animals  after  MPTP  (not  shown).  P,  PARP~'-; 
N,  nNOS 3rd,  time  at  the  third  injection  of  MPTP;  h,  hours  after 
the  fourth  dose  of  MPTP;  +Cont,  sonicated  Hela  cells  plus  NAD  as 
a  positive  control.  This  experiment  has  been  replicated  three  times 
with  similar  results. 


DNA  damage  and  PARP  activation.  Consistent  with  this 
notion  are  the  observations  that  neuronal  death  begins  after 
the  fourth  dose  of  MPTP  (36),  coinciding  with  the  peak  of 
peroxynitritc-mcdiated  nitration  of  TH  (57),  which  parallels 
the  peak  of  poly(ADP-ribose)  formation. 

The  TH-positivc  and  Nissl-stained  neurons  of  the  SNpc  are 
completely  spared  from  the  neurotoxic  effects  of  MPTP  in  the 
PARP~!~  mice.  This  finding  contrasts  with  only  a  partial,  but 
significant,  sparing  of  striatal  DA  content  in  the  PARP~!~ 
mice.  It  is  well  known  that  the  destruction  of  striatal  DA 
terminals  docs  not  necessarily  equate  with  cell  loss  (58).  The 
complete  sparing  of  dopaminergic  neurons,  but  the  loss  of 
striatal  DA  content  may  be  caused  by  peroxynitrite-mediated 
nitration  and  inactivation  of  TH  (57),  the  rate-limiting  enzyme 
of  DA  biosynthesis. 

After  MPTP  neurotoxicity,  the  following  sequence  of  events 
presumably  takes  place.  MPTP  is  converted  by  MAO-B  to 
MPPH‘,  which  then  is  taken  up  into  DA  neurons  via  the  DA 
transporter  into  cell  bodies  and  projections,  followed  by  trans¬ 
port  into  the  mitochondria  (42-46).  Once  there,  MPP+  po¬ 
tently  inhibits  complex  I,  which  poisons  the  mitochondrial 
electron  transport  chain,  leading  to  decrements  in  cellular 
ATP  and  formation  of  07.  NO  combines  with  O^  to  form 
peroxynitrite,  which  leads  to  DNA  damage  that  activates 
PARP.  PARP  activation  depletes  NAD  via  poly(ADP- 
ribosyl)ation  of  nuclear  proteins,  and  ATP  is  further  depleted 
in  an  effort  to  resynthesize  NAD,  leading  to  cell  death  by 
energy  depletion.  Consistent  with  this  notion  is  the  observa¬ 
tion  that  replacement  of  cellular  energy  stores  provides  pro¬ 
tection  against  MPTP  neurotoxicity  (59-61).  Although  energy 
depletion  is  thought  to  play  a  prominent  role  in  PARP- 


t 

SNpc 


WT 


Fig.  4.  PARP  is  activated  in  DA  neurons  after  MPTP  intoxication. 
Immunohistochemical  staining  with  an  anti-poly(ADP-ribose)  anti¬ 
body  (pseudocolored  in  red)  in  the  ventral  midbrain.  (A)  WT  after 
MPTP  delivery  demonstrates  intense  and  specific  staining  of  DA 
neurons.  (B)  PARP~!~  midbrains  are  devoid  of  immunostaining.  (C) 
nNOS~!~  mice  lack  poly(ADP-ribose)  formation  after  MPTP.  Poly- 
(ADP-ribose)  is  not  detectable  in  saline-injected  animals  (data  not 
shown).  These  images  were  obtained  from  animals  4  hr  after  the  fourth 
injection  of  MPTP.  These  experiments  have  been  replicated  three 
times  with  similar  results. 

mediated  cell  death  (20-22),  the  pattern  of  poly(ADP- 
ribosyl)ation  of  several  nuclear  proteins  raises  the  interesting 
possibility  that  PARP  activation  also  could  contribute  to  cell 
death  through  alternative  pathways  (20-22,  50,  51).  These 
alternative  pathways  might  account  for  the  profound  neuro¬ 
protection  afforded  by  deletion  of  the  PARP  gene,  but  only 
partial  protection  with  replacement  of  energy  stores  (59-61). 

The  role  of  PARP  activation  in  other  forms  of  cell  death, 
such  as  cerebral  ischemia,  glutamate  excitotoxicity,  cytokine, 
and  free  radical-mediated  damage  to  pancreatic  islet  cells  as 
well  as  cardiac  damage  after  occlusion  of  coronary  arteries, 
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suggests  that  PARP  may  be  a  critical  choke  point  in  a  variety 
of  important  pathologic  conditions  (20-22).  The  failure  to 
detect  PARP  activation  in  nNOS~f~  mice  after  MPTP  admin¬ 
istration  suggests  that  NO  is  critical  in  this  process.  Although 
prior  studies  indicate  that  the  absence  of  PARP  leads  to 
short-term  protection  against  acute  injury  (20-22),  we  dem¬ 
onstrate  that  neurons  are  alive  and  functioning  for  an  extended 
period  after  a  toxic  insult.  Further  understanding  of  these 
events  may  inspire  novel  therapeutics  in  the  treatment  of 
neurodegenerative  disorders. 
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Abstract:  Mutations  in  copper/zinc  superoxide  dis- 
mutase  (SOD1)  are  associated  with  a  familial  form  of 
amyotrophic  lateral  sclerosis  (ALS),  and  their  expres¬ 
sion  in  transgenic  mice  produces  an  ALS-like  syn¬ 
drome.  Here  we  show  that,  during  the  course  of  the 
disease,  the  spinal  cord  of  transgenic  mice  expressing 
mutant  SOD1  (mSODI)  is  the  site  not  only  of  a  pro¬ 
gressive  loss  of  motor  neurons,  but  also  of  a  dramatic 
gliosis  characterized  by  reactive  astrocytes  and  acti¬ 
vated  microglial  cells.  These  changes  are  absent  from 
the  spinal  cord  of  age-matched  transgenic  mice  ex¬ 
pressing  normal  SOD1  and  of  wild-type  mice.  We  also 
demonstrate  that,  during  the  course  of  the  disease,  the 
expression  of  inducible  nitric  oxide  synthase  (iNOS) 
increases.  In  both  early  symptomatic  and  end-stage 
transgenic  mSODI  mice,  numerous  cells  with  the  ap¬ 
pearance  of  glial  cells  are  strongly  iNOS-immunoreac- 
tive.  In  addition,  iNOS  mRNA  level  and  catalytic  activity 
are  increased  significantly  in  the  spinal  cord  of  these 
transgenic  mSODI  mice.  None  of  these  alterations  are 
seen  in  the  cerebellum  of  these  animals,  a  region  un¬ 
affected  by  mSODI.  Similarly,  no  up-regulation  of 
iNOS  is  detected  in  the  spinal  cord  of  age-matched 
transgenic  mice  expressing  normal  SOD1  or  of  wild- 
type  mice.  The  time  course  of  the  spinal  cord  gliosis 
and  iNOS  up-regulation  parallels  that  of  motor  neuro¬ 
nal  loss  in  transgenic  mSODI  mice.  Neuronal  nitric 
oxide  synthase  expression  is  only  seen  in  neurons  in 
the  spinal  cord  of  transgenic  mSODI  mice,  regardless 
of  the  stage  of  the  disease,  and  of  age-matched  trans¬ 
genic  mice  expressing  normal  SOD1  and  wild-type 
mice.  Collectively,  these  data  suggest  that  the  ob¬ 
served  alterations  do  not  initiate  the  death  of  motor 
neurons,  but  may  contribute  to  the  propagation  of 
the  neurodegenerative  process.  Furthermore,  the  up- 
regulation  of  iNOS,  which  in  turn  may  stimulate  the 
production  of  nitric  oxide,  provides  further  support  to 
the  presumed  deleterious  role  of  nitric  oxide  in  the 
pathogenesis  of  ALS.  This  observation  also  suggests 
that  iNOS  may  represent  a  valuable  target  for  the  de¬ 
velopment  of  new  therapeutic  avenues  for  ALS.  Key 
Words:  Superoxide  dismutase — Astrocyte — Microg¬ 
lia — Nitric  oxide — Inducible  nitric  oxide  synthase — 
Neuronal  nitric  oxide  synthase — Oxidative  stress — 
Motor  neurons — Transgenic  mouse — Amyotrophic  lat¬ 
eral  sclerosis. 
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Amyotrophic  lateral  sclerosis  (ALS)  is  the  most  fre¬ 
quent  neuromuscular  disorder  in  adults  and  is  character¬ 
ized  mainly  by  progressive  muscle  wasting  and  weak¬ 
ness  (Rowland,  1995).  Mutations  in  the  free  radical  scav¬ 
enging  enzyme  copper/zinc  superoxide  dismutase 
(SOD1)  gene  are  associated  with  a  familial  form  of  ALS 
(Brown,  1995)  that  is  clinically  and  pathologically  indis¬ 
tinguishable  from  the  most  common  sporadic  form  of 
this  fatal  neurodegenerative  disorder.  Moreover,  trans¬ 
genic  mice  that  express  mutant  SOD1  (mSODI)  develop 
an  adult-onset  paralytic  condition  that  reproduces  the 
clinical  and  pathological  hallmarks  of  ALS  (Gurney  et 
al.,  1994;  Ripps  et  ah,  1995;  Wong  et  al.,  1995).  We 
(Kostic  et  al.,  1997/?)  and  others  (Chiu  et  al.,  1995;  Dal 
Canto  and  Gurney,  1995)  have  found  that  the  level  of 
mSODI  expression  markedly  modulates  the  age  of  onset 
of  symptoms,  but  has  no  or  minimal  effect  on  the  type  of 
symptoms  or  the  rate  of  progression  of  the  disease.  This 
suggests  that,  although  mSODI  is  a  pivotal  factor  in  the 
initiation  of  motor  neuron  disease,  additional  factors 
contribute  to  the  propagation  of  the  neurodegenerative 
process.  To  elucidate  such  factors,  and  consequently  to 
develop  new  therapies  aimed  at  stopping  or  slowing  the 
progression  of  ALS,  we  revisited  its  neuropathology  in 
search  of  abnormalities  that  could  shed  light  on  these 
putative  culprits.  Aside  from  the  dramatic  loss  of  motor 
neurons,  which  predominates  in  the  anterior  horn,  it  is 
worth  mentioning  that  the  gray  matter  of  the  spinal  cord 
is  also  the  site  of  a  robust  glial  reaction  in  both  humans 
and  transgenic  mice  (Adams  et  al.,  1984;  Hirano,  1996; 
Schiffer  et  al.,  1996;  Hall  et  al.,  1998).  Although  gliosis 
may,  in  certain  situations,  mediate  beneficial  phenomena, 
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a  greater  number  of  situations  come  to  mind  in  which 
gliosis  may  be  implicated  in  harmful  events.  Accord¬ 
ingly,  the  purpose  of  the  study  was  to  characterize  con¬ 
comitantly  the  temporal  and  topographic  distribution  of 
the  reactive  astrocytes  and  activated  microglial  cells  and 
of  the  nitric  oxide  (NO)  synthesizing  isoenzyme  induc¬ 
ible  NO  synthase  (iNOS)  in  the  spinal  cord  of  transgenic 
mSODl  mice.  Supporting  the  choice  to  study  iNOS  is 
the  presumed  pathogenic  role  of  NO  in  ALS  (Beckman 
et  al.,  1993;  Beal  et  al.,  1997;  Ferrante  et  al.,  1997)  and 
the  central  role  of  iNOS  in  NO  production  by  reactive 
astrocytes  and/or  activated  microglial  cells  (Nathan  and 
Xie,  1994a). 

To  achieve  the  stated  goal,  we  studied  the  protein 
expression  of  the  astrocytic  marker  glial  fibrillary  acidic 
protein  (GFAP),  of  the  microglial  marker  MAC-1,  and  of 
iNOS  in  the  spinal  cord  (the  prototypic  region  affected 
by  mSODl)  and  the  cerebellum  (the  prototypic  region 
unaffected  by  mSODl)  of  asymptomatic,  early  symp¬ 
tomatic,  and  end-stage  transgenic  mice  expressing  the 
G93A  mutant  of  SOD1;  these  mice  have  been  exten¬ 
sively  validated  (Gurney  et  al.,  1994;  Chiu  et  al.,  1995; 
Dal  Canto  and  Gurney,  1995;  Kostic  et  al.,  1997a,/?)  and 
express  a  SOD1  point  mutation  that  causes  ALS  in 
humans  (Brown,  1995).  The  catalytic  activity  of  iNOS 
and  the  level  of  mRNA  in  the  spinal  cord  of  these 
transgenic  mice  were  also  determined,  at  the  three  se¬ 
lected  disease  stages. 

In  the  brain,  NO  can  also  be  produced  by  another  NO 
synthase  (NOS)  isoform,  neuronal  NOS  (nNOS),  which 
is  believed  to  be  a  constitutive  enzyme  exclusively  ex¬ 
pressed  by  neurons  (Dawson  and  Snyder,  1994).  How¬ 
ever,  disputing  this  view  is  the  recent  and  unexpected 
finding  that  nNOS  is  expressed  not  only  in  neurons,  but 
also  in  reactive  astrocytes  at  the  level  of  the  spinal  cord 
in  transgenic  mSODl  mice  (Cha  et  al.,  1998).  This 
observation  prompted  us  also  to  assess  nNOS  protein 
expression  and  catalytic  activity  in  the  spinal  cord  of  the 
transgenic  mSODl  mice  at  the  same  three  selected  dis¬ 
ease  stages. 

EXPERIMENTAL  PROCEDURES 
Reagents 

All  general  laboratory  reagents  were  from  Sigma  (St.  Louis, 
MO,  U.S.A.)  unless  stated  otherwise  and  were  of  the  highest 
purity  grade.  The  monoclonal  anti-GFAP  antibody  was  from 
Boehringer  Mannheim  (Indianapolis,  IN,  U.S.A.),  the  mono¬ 
clonal  anti-MAC-1  antibody  was  from  Serotec  (Raleigh,  NC, 
U.S.A.),  the  polyclonal  anti-nNOS  antibody  was  from  Zymed 
(San  Francisco,  CA,  U.S.A.),  and  the  polyclonal  anti-iNOS 
antibody  was  from  Transduction  Laboratories  (Lexington,  KY, 
U.S.A.).  All  secondary  antibodies  and  normal  sera  were  from 
Vector  (Burlingame,  CA,  U.S.A.).  Pairs  of  primers  for  iNOS 
and  j3-actin  were  obtained  from  GibcoBRL  (Grand  Island,  NY, 
U.S.A.). 

Animals 

Hemizygote  transgenic  mSODl  mice  and  their  wild-type 
littermates  were  used  in  this  study.  This  transgenic  mouse  line 
(G1H)  carries  the  point  mutation  Gly  — >  Ala  at  codon  93  of  the 


human  SOD1  gene  and  expresses  ~18  copies  of  human  mu¬ 
tated  gene  (Gurney  et  al.,  1994).  To  assess  the  effect  of  over¬ 
expression  of  the  wild-type  human  SOD1  enzyme  (wtSODl), 
hemizygote  transgenic  wtSODl  mice  (Jackson  Laboratory,  Bar 
Harbor,  ME,  U.S.A.)  were  used.  This  transgenic  mouse  line 
(N29)  expresses  >10  copies  of  human  gene  (Gurney  et  al., 
1994).  In  preliminary  studies,  we  measured  SOD1  catalytic 
activity  in  spinal  cord  homogenates  of  6-week-old  transgenic 
mSODl  (G1H)  and  transgenic  wtSODl  (N29)  mice  and  found 
that  both  mouse  lines  have  greater  than  sixfold  higher  SOD1 
activity  as  compared  with  their  wild-type  littermates;  SOD1 
activity  was  determined  according  to  the  method  described 
previously  (Przedborski  et  al.,  1996a;  Kostic  et  al.,  1997a). 

On  postnatal  day  14,  20  fjl  of  blood  from  the  tail  was 
collected  from  each  mouse  pup  and  used  for  SOD1  activity  gel 
electrophoresis  (Przedborski  et  al.,  1992),  and  the  piece  of 
clipped  tail  was  used  for  PCR  as  described  (Kostic  et  al., 
1997/?)  using  a  pair  of  primer  that  is  specific  for  exon-4  of 
human  SOD1. 

After  being  genotyped,  animals  were  divided  into  transgenic 
mSODl  mice,  transgenic  wtSODl  mice,  and  wild-type  mice 
(i.e.,  nontransgenic  littermates  from  transgenic  mSODl  mice). 
All  studies  were  performed  on  three  to  six  mice  per  group  and 
at  three  different  clinical  stages  of  the  transgenic  mSODl  mice 
as  defined  (Kostic  et  al.,  1997a):  asymptomatic  (~6  weeks 
old),  early  symptomatic  [117  ±  6  days  of  age  (mean  ±  SD)], 
and  end-stage  (165  ±  2  days  of  age).  Their  nontransgenic 
mSODl  littermates  were  killed  at  the  same  time.  To  have 
age-matched  control  mice  expressing  wild-type  SOD1,  trans¬ 
genic  wtSODl  mice  were  killed  at  168  days  of  age.  Until  being 
killed,  nontransgenic  mSODl  and  transgenic  wtSODl  mice  did 
not  show  any  behavioral  abnormalities.  This  experimental  pro¬ 
tocol  was  approved  by  the  Animal  Care  and  Use  Committee  of 
Columbia  University  and  is  in  agreement  with  the  guidelines 
from  the  National  Institutes  of  Health  for  the  use  of  live 
animals. 

Immunohistochemistry 

All  mice  were  anesthetized  (pentobarbital,  30  mg/kg  i.p.) 
and  perfused  intracardially  with  25  ml  of  normal  saline  fol¬ 
lowed  by  75  ml  of  4%  (wt/vol)  paraformaldehyde  in  0.1  M 
phosphate  buffer  (4%  PF/PB;  pH  7.1).  Spinal  cord  and  cere¬ 
bellum  were  then  dissected  out  on  ice,  postfixed  by  immersion 
in  4%  PF/PB  (4  h,  4°C),  cryoprotected  in  30%  (wt/vol)  sucrose 
in  phosphate  buffer,  and  frozen  by  immersion  in  isopentane 
cooled  on  dry  ice.  Frozen  spinal  cord  and  cerebellum  samples 
were  cut  (30  gm)  in  a  cryostat;  from  the  spinal  cord  20-40 
serial  sections  from  cervical  (C7)  and  lumbar  (L3)  levels  were 
collected,  whereas  from  the  cerebellum  only  a  few  transversal 
sections  were  collected.  Spinal  segments  were  identified  by 
location  of  spinal  roots  and  by  the  characteristic  morphology  of 
the  spinal  cord.  For  all  immunostainings,  sections  were  col¬ 
lected  in  ice-cold  phosphate  buffer  free  floating,  and  then 
successively  rinsed  (3X5  min)  in  0.1  M  Tris-HCl  (pH  7.4) 
buffer  containing  9  g/L  NaCl  (TBS),  incubated  in  5%  normal 
goat  serum  in  TBS  containing  0.1%  Triton  X-100  (60  min, 
25°C),  and  incubated  with  one  of  the  primary  antibodies 
[GFAP  (1:500);  MAC-1  (1:1,000);  iNOS  (1:1,000);  nNOS  (1: 
1,000)]  containing  2%  normal  serum  (24-48  h,  4°C).  After  3 
X  5  min  rinses  in  TBS,  sections  were  successively  incubated  (1 
h,  25°C)  in  biotinylated-conjugated  polyclonal  secondary  anti¬ 
body  (1:200),  rinsed  (3X5  min)  in  TBS,  incubated  in  horse- 
radish-conjugated  avidin/biotin  complex  (Vector),  rinsed  (3 
X  5  min)  in  TBS,  and  incubated  in  diaminobenzidine/H202. 
Then  all  sections  were  mounted  on  glass  slides  and  counter- 


J.  Ncurochem.,  VoL  72,  No.  6,  1999 


iNOS  UP-REGULATION  IN  FAMILIAL  ALS 


2417 


stained  with  thionin  before  being  dehydrated  in  alcohol,  cleared 
in  xylene,  and  coverslipped. 

Specificity  of  nNOS  and  iNOS  immunoreactivity  was  as¬ 
sessed  by  incubating  adjacent  spinal  cord  tissue  sections  with 
and  without  primary  antibody.  Specificity  of  nNOS  and  iNOS 
was  also  assessed  by  western  blot  analysis  using  a  standard 
protocol  (Ara  et  ah,  1998).  For  nNOS,  mouse  cerebellum  was 
dissected,  homogenized  in  2.5  volumes  (wt/vol)  of  ice-cold  50 
m M  Tris-HCl  (pH  7.0)  buffer  containing  150  m M  NaCl,  5  m M 
EDTA,  1%  sodium  dodecyl  sulfate  (SDS),  1%  Nonidet  P-40, 
and  protease  inhibitors  (Mini  Cocktail;  Boehringer  Mannheim), 
and  centrifuged  (16,000  g,  30  min,  4°C).  For  iNOS,  mouse 
macrophage  cells  were  stimulated  with  interferon-7  and  lipo- 
polysaccharide  for  12  h  as  described  (Xie  et  ah,  1992),  and 
cell  lysate  was  processed  as  described  above  for  cerebel¬ 
lum.  For  both  nNOS  and  iNOS,  supernatant  was  mixed  with 
an  equal  volume  of  2X  sample  buffer  containing  SDS  and 
2-mercaptoethanol,  boiled  5  min,  and  fractionated  by  min¬ 
iature  12%  SDS -polyacrylamide  gel  electrophoresis.  Pro¬ 
teins  were  transferred  to  nitrocellulose  membranes  (Bio-Rad 
Laboratories,  Hercules,  CA,  U.S.A.)  and  reacted  with  either 
a  polyclonal  rabbit  anti-nNOS  (1:1,000  dilution;  Zymed) 
or  anti-iNOS  antibody  (1:1,000;  Transduction  Laborato¬ 
ries).  Bound  primary  antibody  was  detected  by  probing  with 
a  horseradish-conjugated  polyclonal  anti-rabbit  antibody  (1: 
2,000  dilution;  Amersham).  After  washing,  the  nitrocellulose 
was  incubated  for  5-10  min  with  chemiluminescent  sub¬ 
strate  (SuperSignal  Ultra,  Pierce  Chemical,  Rockford,  IL, 
U.S.A.)  and  then  exposed  to  x-ray  film  (Kodak  BioMax  MS) 
for  ~1  min. 

Total  RNA  preparation  and  RT-PCR 

Total  RNA  from  both  spinal  cord  and  cerebellum  of  trans¬ 
genic  mSODl,  transgenic  wtSODl,  and  wild-type  littermates 
was  prepared  using  RNeasy  kit  (Qiagen  Inc.,  Valencia,  CA, 
U.S.A.)  according  to  the  manufacturer’s  instructions.  The  con¬ 
centration  and  purity  of  RNA  preparations  were  determined  by 
measuring  the  absorbance  at  260  and  280  nm  in  a  spectropho¬ 
tometer.  First-strand  cDNA  was  synthesized  from  total  RNA 
using  Superscript  Preamplification  System  with  Superscript  II 
RNase  H-reverse  transcriptase  (GibcoBRL)  according  to  the 
manufacturer’s  instructions.  Then  1  /x  1  of  cDNA  template  was 
amplified  by  PCR  in  a  20-/xl  total  reaction  volume  containing 
18  /xl  of  Supermix  (GibcoBRL)  and  4-10  pmol  of  each  spe¬ 
cific  primer.  The  iNOS  primer  sequences  were  5'-TCACTG- 
GGAC AGC AC AGAAT-3 '  (forward)  and  5'-TGTGTCTGC- 
AGATGTGCTGA-3'  (reverse).  As  internal  control,  /3-actin 
cDNA  was  coamplified  using  primer  sequences  5'-CTTTGAT- 
GTCACGC ACGATTTC-3 '  (forward)  and  5'-GGGCCG- 
CTCTAGGCACCAA-3'  (reverse).  Each  PCR  cycle  consisted 
of  45  s  at  94°C,  45  s  at  60°C,  and  1  min  at  72°C.  PCR 
amplification  was  carried  out  for  35  cycles  for  iNOS  and  for  28 
cycles  for  /3-actin;  the  conditions  for  each  PCR  amplification 
resulted  in  an  exponential  amplification  range  for  quantification 
of  each  mRNA.  After  amplification,  the  products  were  sepa¬ 
rated  on  a  1.5%  agarose  gel  containing  0.03%  ethidium  bro¬ 
mide.  Bands  were  then  visualized  under  UV  illumination,  and 
gels  were  photographed  with  Polaroid-665  positive/negative 
films.  Negatives  were  then  digitized,  each  band  was  outlined 
with  a  screen  cursor  driven  by  a  hand-held  mouse,  and  optical 
densities  were  determined  using  a  computerized  image  analysis 
system  (Inquiry  image  analyzer,  Loats  Associates,  Westmin¬ 
ster,  MD,  U.S.A.). 


Assay  of  NOS  catalytic  activity 

Spinal  cords  of  transgenic  mSODl  (asymptomatic,  early 
symptomatic,  and  end-stage)  and  of  wild-type  littermates  were 
quickly  removed,  immediately  frozen  on  dry  ice,  and  stored  at 
-80°C  until  analysis.  NOS  catalytic  activity  was  assayed  by 
measuring  both  the  Ca2+-dependent  and  the  Ca2+-independent 
conversion  of  [3H]arginine  to  [3H]citrulline  as  described  by 
Przedborski  et  al.  (1996b).  On  the  day  of  the  assay,  tissue 
samples  were  homogenized  in  10  volumes  (wt/vol)  of  50  m M 
Tris-HCl  (pH  7.4)  buffer  containing  1  m M  EDTA  and  1  m M 
EGTA.  Then  25  /xl  of  homogenate  was  added  to  100  /xl  of  50 
mM  Tris-HCl  (pH  7.4)  buffer  containing  1  mMNADPH,  1  m M 
EDTA,  1  mMEGTA,  and  0.1  /xC i  L-[2,3-3H]arginine  (specific 
activity:  36.8  Ci/mmol;  Du  Pont-NEN,  Boston,  MA,  U.S.A.)  in 
the  presence  or  absence  of  2.25  m M  CaCl2,  and  incubated  for 
15  min  at  25°C.  The  reaction  was  terminated  by  the  addition  of 
3  ml  of  20  m M  HEPES  (pH  5.5),  1  m M  EDTA,  and  1  m M 
EGTA,  and  the  entire  reaction  mixture  was  applied  onto  a 
0.5-ml  column  of  Dowex  AG50WX-8  (Pharmacia,  Piscataway, 
NJ,  U.S.A.).  [3H]Citrulline  was  quantified  by  liquid  scintilla¬ 
tion  counting  of  the  eluate.  No  significant  [3H]citrulline  pro¬ 
duction  occurred  in  the  absence  of  NADPH. 

Protein  and  hemoglobin  determination 

Protein  content  was  determined  by  the  method  of  Lowry  et 
al.  (1951),  using  bovine  serum  albumin  as  the  standard.  Hemo¬ 
globin  content  was  determined  by  quantifying  the  oxidation  of 
3,3',5,5'-tetramethylbenzidine  by  hydrogen  peroxide  (Lijana 
and  Williams,  1979). 

Statistics 

For  each  experiment,  three  to  six  mice  per  group  were 
studied,  and  values  are  expressed  as  means  ±  SEM  unless 
stated  otherwise.  Differences  among  means  were  analyzed  us¬ 
ing  one-way  ANOVA  with  the  different  types  of  mice  as  the 
independent  factor.  When  ANOVA  showed  significant  differ¬ 
ences,  pairwise  comparisons  between  means  were  tested  by 
Newman-Keuls  post-hoc  testing.  In  all  analyses,  the  null  hy¬ 
pothesis  was  rejected  at  the  0.05  level.  All  statistical  analyses 
were  performed  using  SigmaStat  for  Windows  (version  2.0, 
Jandel  Corp.,  San  Rafael,  CA,  U.S.A.). 

RESULTS 

Spinal  cord  astrocytic  and  microglial  reaction  in 
transgenic  mSODl  mice 

To  assess  whether  a  glial  reaction  takes  place  under 
the  deleterious  effect  of  mSODl  and  whether  it  occurs 
specifically  in  affected  brain  regions,  we  studied  by 
immunohistochemistry  the  time  course  and  anatomical 
distribution  of  GFAP  and  MAC-1,  two  specific  markers 
of  astrocytes  and  microglial  cells,  respectively.  In  all 
types  of  mice  studied,  significant  GFAP  immunoreactiv¬ 
ity  was  seen  in  the  white  matter  of  the  spinal  cord  at  both 
the  cervical  and  lumbar  levels.  The  immunostained  struc¬ 
tures  appeared  essentially  as  fine  tortuous  processes 
likely  corresponding  to  resting  astrocytes  (Fig.  1A).  Ro¬ 
bust  GFAP  immunoreactivity  was  seen  in  the  gray  matter 
of  the  spinal  cord  only  in  end-stage  (Fig.  IB)  and,  to  a 
lesser  extent,  in  early  symptomatic  transgenic  mSODl 
mice.  Particularly  striking  in  the  end-stage  transgenic 
mSODl  mice,  GFAP  immunostaining  predominated  in 
the  anterior  horn  of  the  spinal  cord  (Fig.  IB  and  C)  and 
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FIG.  1.  Representative  photomi¬ 
crographs  illustrating  the  gliai  and 
microglial  reaction  in  the  spinal 
cord  of  an  end-stage  transgenic 
mSODI  mouse.  Except  for  the 
white  matter  where  significant  im- 
munostaining  is  observed,  only 
negligible  GFAP  and  MAC-1  im- 
munoreactivity  is  seen  in  wild- 
type  age-matched  control  (A  and 
E).  In  contrast,  strong  GFAP  and 
MAC-1  immunoreactivity  is  de¬ 
tected  in  the  gray  matter  of  the 
end-stage  transgenic  mSODI 
mouse  (B  and  F),  which,  at  higher 
magnification,  corresponds  to  re¬ 
active  astrocytes  (D)  and  microg¬ 
lial  cells  (H).  Also  note  that  the 
glial  reaction  is  more  robust  in  the 
anterior  horn  (B  and  F)  than  in  the 
posterior  horn  (C  and  G).  Scale 
bar  =  200  /xnri  in  A-C  and  E-G 
and  50  /Am  in  D  and  H. 


appeared  as  thick  processes  and  occasional  small  cell 
bodies  (Fig.  ID),  consistent  with  these  being  reactive 
astrocytes;  asymptomatic  transgenic  mSODI  mice,  as 
well  as  wild-type  and  transgenic  wtSODl  mice,  showed 
minimal  or  mild  GFAP  immunoreactivity  in  the  gray 
matter  of  the  spinal  cord  (Fig.  1  A).  Likewise,  no  increase 
in  GFAP  immunostaining  was  seen  in  unaffected  brain 


regions  of  end-stage  transgenic  mSODI  mice,  such  as 
the  cerebellum. 

Alterations  very  similar  to  those  described  for  astro¬ 
cytes  were  seen  for  microglia  cells.  Indeed,  numerous 
MAC- 1 -positive  fine  tortuous  processes,  likely  corre¬ 
sponding  to  resting  microglial  cells,  were  seen  in  the 
white  matter  of  the  spinal  cord  from  all  groups  of  mice. 
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In  addition,  conspicuous  MAC-1  immunostaining  was 
seen  in  the  gray  matter  of  the  spinal  cord  of  both  early 
symptomatic  and  end-stage  transgenic  mSODl  mice 
(Fig.  IF).  Here,  immunostained  elements  appeared  as 
small  cell  bodies  with  thick,  short  processes  (Fig.  1H) 
consistent  with  their  being  activated  microglial  cells.  In 
several  instances,  activated  microglial  cells  were 
grouped  around  neurons  (Fig.  1H),  realizing  an  image  of 
neuronophagy  (Adams  et  al.,  1984).  An  identical  finding 
was  observed  with  another  antibody  directed  against  the 
specific  microglial  membrane  antigen  F4/80  (data  not 
shown). 

iNOS-  and  nNOS-positive  cells  in  spinal  cord  of 
transgenic  mSODl  mice 

To  determine  whether  the  strong  observed  spinal  cord 
gliosis  is  associated  with  iNOS  up-regulation,  we  first 
examined  iNOS  protein  expression  in  the  spinal  cord  of 
transgenic  mSODl  mice  by  immunohistochemistry.  No 
iNOS  immunoreactivity  was  seen  in  either  the  white  or 
gray  matter  of  the  spinal  cord  of  asymptomatic  trans¬ 
genic  mSODl  mice,  transgenic  wtSODl  mice,  or  wild- 
type  littermates  (Fig.  2A).  Conversely,  iNOS  immuno¬ 
staining  was  observed  in  the  gray  matter  and  preferen¬ 
tially  in  the  anterior  horn  of  the  spinal  cord  of  early 
symptomatic  and  end-stage  transgenic  mSODl  mice 
(Fig.  2B  and  C).  Immunolabeling  for  iNOS  appeared 
slightly  more  intense  in  spinal  cord  sections  from  cervi¬ 
cal  compared  with  lumbar  level  and  from  end- stage 
compared  with  early  symptomatic  transgenic  mSODl 
mice.  Immunostaining  for  iNOS  was  only  identified  in 
structures  reminiscent  of  glial  cells  and  not  of  neurons 
(Fig.  2D).  Also,  no  iNOS  immunoreactivity  was  seen  in 
the  cerebellum  of  end-stage  transgenic  mSODl  mice 
and,  in  the  absence  of  anti-iNOS  antibody,  none  of  the 
spinal  cord  iNOS  immunostaining  described  above  could 
be  seen. 

nNOS  protein  expression  was  also  studied  by  immu¬ 
nohistochemistry,  but  here,  inversely  to  the  situation 
observed  for  iNOS,  nNOS  immunostaining  decreased 
over  the  course  of  the  disease.  The  most  abundant  nNOS 
immunostaining  was  seen  in  the  gray  matter  of  the  spinal 
cord  of  wild-type  mice  (Fig.  2E)  with  no  obvious  differ¬ 
ence  from  that  seen  in  asymptomatic  transgenic  mSODl 
mice  and  transgenic  wtSODl  mice.  In  these  mice,  the 
most  intense  immunostaining  was  seen  in  neurons  in  the 
vicinity  of  the  central  canal,  whereas  several  motor  neu¬ 
rons  in  the  anterior  horn  exhibited  a  much  fainter  immu¬ 
nolabeling  (see  inset  in  Fig.  2E).  It  was  also  clear  that,  in 
the  spinal  cord  of  transgenic  mSODl  mice,  the  greater 
the  loss  of  motor  neurons,  the  smaller  the  number  of 
nNOS-positive  neurons  (Fig.  2F).  Moreover,  under  the 
present  conditions,  no  nNOS  immunostaining  could  be 
detected  in  cells  other  than  neurons  in  the  spinal  cord  of 
early  symptomatic  or  end-stage  transgenic  mSODl  mice 
(Fig.  2G).  However,  in  these  mice  several  spinal  cord 
neurons,  as  well  as  their  surrounding  neuropil,  showed 
more  intense  nNOS  immunoreactivity  (Fig.  2F  and  G) 
compared  with  control  mice  (Fig.  2E).  As  for  iNOS, 


omission  of  anti-nNOS  antibody  was  associated  with  no 
positive  immunostaining  in  the  spinal  cord  of  any  of  the 
groups  of  mice  studied  (Fig.  2H).  Specificity  of  both 
nNOS  and  iNOS  antibody  was  confirmed  by  western  blot 
analysis  (Fig.  3).  Immunoblots  from  whole  cerebellar 
proteins  showed  a  prominent  band  at  — 160  kDa  (lane  1), 
which  is  consistent  with  the  molecular  mass  of  nNOS, 
in  the  presence  of  the  anti-nNOS  antibody;  this  band 
was  not  observed  when  the  anti-nNOS  antibody  was 
omitted  (lane  2).  Similarly,  immunoblots  from  stimu¬ 
lated  cell  lysate  showed  a  single  band  at  — 130  kDa  (lane 
3),  which  is  consistent  with  the  molecular  mass  of  iNOS, 
in  the  presence  of  the  anti-iNOS  antibody;  this  band  was 
not  observed  when  the  anti-iNOS  antibody  was  omitted 
(lane  4). 

Up-regulation  of  iNOS  mRNA  in  transgenic 
mSODl  mice 

To  determine  whether  augmentation  in  iNOS  protein 
expression  is  accompanied  by  changes  in  iNOS  mRNA, 
we  tested  spinal  cord  samples  from  the  different  groups 
of  mice  by  RT-PCR.  Consistent  with  the  findings  for 
iNOS  protein,  iNOS  mRNA  expression  also  differed 
among  the  different  groups  of  mice  [F( 3,  8)  =  7.8,  p 
<  0.009]  (Fig.  4).  In  spinal  cord  from  early  symptomatic 
transgenic  mSODl  mice,  iNOS  mRNA  appeared  to  be 
about  three  times  more  abundant  than  that  in  spinal  cord 
from  wild-type  mice  (Fig.  4).  Similarly,  in  spinal  cord 
from  asymptomatic  and  end-stage  transgenic  mSODl 
mice,  iNOS  mRNA  appeared  also  to  be  more  abundant 
than  that  in  spinal  cord  from  wild-type  mice  (Fig.  4),  but 
here  the  difference  was  less  impressive  and  did  not  reach 
significance.  To  control  for  the  specificity  of  the  PCR 
reaction,  we  also  performed  the  reaction  using  normal 
mouse  genomic  DNA  and  mRNA  subjected  to  cDNA 
synthesis  without  RT;  neither  reaction  produced  iNOS 
PCR  products. 

It  is  important  to  point  out  that  all  tissue  samples  used 
for  RT-PCR  were  not  perfused  and,  hence,  contained 
some  blood.  However,  the  amount  of  blood  trapped  in 
the  spinal  cord  tissue  samples,  determined  by  measuring 
the  content  of  hemoglobin,  was  comparable  [F(3,  8)  = 
0.012,  p  =  0.99]  among  wild-type  (4.4  ±  0.7  jug/mg  of 
protein),  asymptomatic  transgenic  mSODl  (4.8  ±  0.5 
jag/mg  of  protein),  early  symptomatic  transgenic 
mSODl  (4.3  ±  2.6  /xg/mg  of  protein),  and  end-stage 
transgenic  mSODl  mice  (4.5  ±  2.8  /xg/mg  of  protein). 
Accordingly,  it  is  unlikely  that  the  differences  in  iNOS 
mRNA  observed  by  RT-PCR  among  the  different  groups 
of  samples  could  be  due  to  different  amounts  of  blood- 
borne  iNOS  mRNA. 

Alterations  of  nNOS  and  iNOS  activity  in 
transgenic  mSODl  mice 

To  demonstrate  whether  the  observed  changes  in 
nNOS  and  iNOS  protein  are  associated  with  detectable 
alterations  in  catalytic  activity,  we  measured  the  conver¬ 
sion  of  [3H]arginine  into  [3H]citrulline  in  spinal  cord 
homogenates  from  the  different  groups  of  mice.  In  the 
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FIG.  2.  Representative  photomi¬ 
crographs  illustrating  the  changes 
in  iNOS  and  nNOS  in  the  spinal 
cord  of  an  end-stage  transgenic 
mSODI  mouse.  No  detectable 
iNOS  immunoreactivity  is  ob¬ 
served  in  wild-type  age-matched 
control  (A),  whereas  nNOS  immu¬ 
noreactivity  is  observed  in  a  few 
scattered  cells  (E)  with  the  mor¬ 
phology  of  healthy  neurons  (see 
inset).  Strong  spider-like  iNOS 
immunoreactivity  is  seen  through¬ 
out  the  spinal  cord  of  end-stage 
transgenic  mSODI  mouse  (B), 
which,  at  higher  magnification, 
seems  to  correspond  to  glial  cells 
(D).  iNOS  immunoreactivity  is 
more  abundant  in  the  anterior 
horn  (B)  than  in  the  posterior  horn 
(C).  Of  note,  in  the  end-stage 
transgenic  mouse  the  number  of 
nNOS-positive  neurons  is  smaller 
(F)  and  no  nNOS  immunoreactiv¬ 
ity  is  identified  in  nonneuronal  el¬ 
ements  (E  and  G).  In  the  absence 
of  iNOS  or  nNOS  antibody,  no 
specific  immunoreactivity  is  seen 
(H).  Scale  bar  =  200  jum  in  A-C, 
E,  F,  and  H  and  50  /xm  in  D  and  G. 


presence  of  Ca2+  the  conversion  of  [3H]arginine,  which 
essentially  reflects  nNOS  catalytic  activity,  decreased 
significantly  over  the  course  of  the  degenerative  process 
[F(3,  8)  =  8.2,  p  <  0.008].  For  instance,  spinal  cord 
nNOS  activity  was  >65%  lower  in  end-stage  trans¬ 
genic  mSODI  mice  compared  with  age-matched  wild- 
type  controls  (Fig.  5A).  In  contrast,  in  the  absence  of 


Ca2+  the  conversion  of  [3H] arginine,  which  essentially 
reflects  iNOS  catalytic  activity,  increased  significantly 
over  the  course  of  the  degenerative  process  [F(3,  8) 
=  5.8,  p  <  0.021].  Here,  iNOS  activity  is  about  seven 
times  higher  in  early  symptomatic  and  end-stage  trans¬ 
genic  mSODI  mice  compared  with  wild-type  controls 
(Fig.  5B). 
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FIG.  3.  nNOS  and  iNOS  western  blot.  Lane  1  (20  fig  of  mouse 
cerebellar  proteins  immunostained  with  the  nNOS  antibody) 
shows  a  prominent  band  at  160  kDa  that  corresponds  to  nNOS; 
when  the  antibody  is  omitted,  the  band  is  not  seen  (lane  2).  Lane 
3  (7  fig  of  stimulated  mouse  cell  lysate  immunostained  with  the 
iNOS  antibody)  shows  a  single  band  at  130  kDa  that  corre¬ 
sponds  to  iNOS;  when  the  antibody  is  omitted,  the  band  is  not 
seen  (lane  4). 
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DISCUSSION 

The  present  study  shows  that,  aside  from  the  dramatic 
loss  of  motor  neurons,  gliosis  is,  as  in  human  ALS,  a 
striking  neuropathological  feature  of  the  spinal  cord  of 
transgenic  mSODl  mice  (Adams  et  al.,  1984;  Hirano, 
1996;  Schiffer  et  al,  1996;  Hall  et  al.,  1998).  Our  data  on 
gliosis  in  these  mice  emphasize  three  points:  first,  it 
appears  specific  to  affected  regions,  because  cerebellum, 
a  brain  region  devoid  of  neuropathological  changes  in 
this  model  (Dal  Canto  and  Gurney,  1995),  did  not  show 
any  evidence  of  gliosis;  second,  it  is  related  to  the  cyto¬ 
toxic  effect  of  the  mutant  protein  and  not  to  increased 
SOD1  activity,  because  age-matched  transgenic  mice 
with  increased  wild-type  SOD1  activity  did  not  develop 


FIG.  4.  Spinal  cord  iNOS  RT-PCR.  Photograph  of  the  gel  (A)  and 
the  corresponding  bar  graph  (B)  show  significantly  more  iNOS 
mRNA  in  early  symptomatic  and  end-stage  transgenic  mSODl 
mice  compared  with  asymptomatic  mSODl  mice  and  wild-type 
age-matched  controls.  Experiments  were  performed  as  de¬ 
scribed  in  Experimental  Procedures.  The  presented  data  are 
from  three  mice  per  group  and  are  representative  of  at  least  two 
independent  experiments.  P,  iNOS  positive  control  (murine  cells 
treated  with  lipopolysaccharide);  N,  negative  control  (product  of 
cDNA  synthesis  in  absence  of  RT);  non-Tg,  nontransgenic.  *p 
<  0.05  (Newman-Keuls  post-hoc)  compared  with  all  other 
groups. 
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FIG.  5.  Spinal  cord  nNOS  and  iNOS  activities.  nNOS  activity  (A), 
as  assessed  by  the  conversion  of  [3H]arginine  to  [3H]citrulline  in 
the  presence  of  Ca2+,  significantly  decreases  over  the  course  of 
the  disease.  Conversely,  iNOS  activity  (B),  as  assessed  by  the 
conversion  of  pH]arginine  to  [3H]citrulline  in  the  absence  of 
Ca2+,  is  significantly  increased  in  early  symptomatic  and  end- 
stage  transgenic  mSODl  mice  compared  with  asymptomatic 
transgenic  mSODl  and  wild-type  mice.  Assays  were  performed 
in  duplicate  as  described  in  Experimental  Procedures  in  three 
mice  per  group.  ap  <  0.01  (Newman-Keuls  post-hoc)  compared 
with  asymptomatic  transgenic  mSODl  and  wild-type  mice;  bp 
<  0.05  (Newman-Keuls  post-hoc)  compared  with  early  asymp¬ 
tomatic  transgenic  mSODl;  cp  <  0.05  (Newman-Keuls  post- 
hoc)  compared  with  asymptomatic  transgenic  mSODl  and  wild- 
type  mice. 


gliosis;  and  third,  it  closely  parallels  the  time  course  of 
motor  neuron  loss,  because  no  evidence  of  gliosis  was 
observed  before  any  actual  motor  neuron  loss  (e.g., 
6- week-old  transgenic  mice).  We  also  found  that  both 
astrocytes  and  microglial  cells  reacted  in  concert  (Fig.  1). 
However,  if  we  failed  to  see  any  obvious  quantitative 
differences  between  the  reactive  astrocytes  and  activated 
microglial  cells,  we  clearly  saw  qualitative  differences 
(Fig.  1).  For  instance,  reactive  astrocytes  in  the  anterior 
horn  were  present  throughout  the  gray  matter  of  early 
symptomatic  and,  even  more  so,  of  end-stage  transgenic 
mSODl  mice  without  showing  any  preferential  distribu¬ 
tion  within  the  damaged  tissue  (Fig.  1A  and  B).  In 
contrast,  not  only  were  activated  microglial  cells,  like 
reactive  astrocytes,  diffusely  distributed  throughout  the 
anterior  horn,  but  in  several  discrete  areas  of  the  dam¬ 
aged  gray  matter  they  formed  a  typical  image  of  neu¬ 
ronophagy  (Fig.  ID  and  H).  This  neuropathological  fea¬ 
ture  is  common  to  all  forms  of  encephalitis  that  affect  the 
gray  matter,  and  is  often  present  in  ALS,  especially  in 
cases  with  rapid  progression  (Adams  et  al.,  1984).  Al¬ 
though  the  exact  mechanism  underlying  neuronophagy  is 
unknown,  the  belief  is  that  it  results  from  the  release  of 
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chemotactic  substances  by  dying  neurons,  which,  in  turn, 
attract  microglial  cells.  Collectively,  these  findings  sug¬ 
gest  that  the  observed  gliosis  is  related  to  the  neurode- 
generative  process  and  is  most  likely  secondary  to  the 
loss  of  motor  neurons,  rather  than  a  primary  event.  Al¬ 
though  this  view  undercuts  the  potential  role  of  gliosis  in 
initiating  the  disease,  it  does  not  undermine  the  potential 
role  of  gliosis  in  propagating  the  disease.  Consistent  with 
this  is  the  observed  gliosis-related  up-regulation  of 
iNOS,  an  enzyme  that  produces  high  amounts  of  NO  for 
a  prolonged  period  of  time  (Nathan  and  Xie,  1994/?),  as 
well  as  superoxide  radicals  (Xia  and  Zweier,  1997),  two 
reactive  species  that  can  either  directly  or  indirectly 
promote  neuronal  death. 

In  normal  situations,  iNOS  is  not  expressed  by  glial 
cells,  but  is  in  pathological  conditions  of  the  CNS,  in¬ 
cluding  stroke  (Iadecola  et  al.,  1995),  HIV  infection 
(Adamson  et  al.,  1996),  multiple  sclerosis  (Bagasra  et  al., 
1995),  Alzheimer’s  disease  (Vodovotz  et  al.,  1996),  and 
Parkinson’s  disease  (Hunot  et  al.,  1996).  The  present 
study  suggests  that  ALS  may  well  be  an  additional 
neurological  disease  in  which  iNOS  plays  a  role,  as  we 
found  that  iNOS  was  up-regulated  in  glial  cells  of  the 
spinal  cord  in  early  symptomatic  and  end-stage  trans¬ 
genic  mSODl  mice  (Fig.  2 A  and  B).  In  this  model  of 
ALS,  as  for  gliosis,  iNOS  expression  seemed  to  parallel 
spinal  cord  neurodegeneration  and  not  to  precede  it,  and 
was  not  observed  in  the  cerebellum  or  in  any  studied 
regions  of  the  CNS  of  age-matched  transgenic  wtSODl 
and  wild-type  mice.  We  also  have  the  proof  that  the 
increased  iNOS  immunoreactivity  seen  in  the  spinal  cord 
of  the  transgenic  mSODl  mice  corresponds  to  the  ex¬ 
pression  of  a  catalytically  active  form  of  the  protein, 
because  the  Ca2+-independent  conversion  of  [3H]argi- 
nine  into  [3H]citrulline  was  increased  significantly  in  the 
spinal  cord  of  these  animals  compared  with  age-matched 
controls  (Fig.  5).  This  latter  finding  not  only  strength¬ 
ened  the  veracity  of  the  immunostaining  data,  but  also, 
and  more  importantly,  provided  meaningful  functional 
information  that  allows  one  to  believe  that  iNOS  up- 
regulation  in  this  model  of  ALS  may  have  practical 
repercussions  on  the  neurodegenerative  process. 

Both  in  vitro  and  in  vivo  experiments  have  demon¬ 
strated  that  iNOS  transcription  can  be  induced  in  astro¬ 
cytes  and/or  microglial  cells  by  bacterial  lipopolysaccha- 
ride,  as  well  as  by  various  cytokines,  including  tumor 
necrosis  factor-a,  interleukin- 1/3,  and  interferon-y  (Ga¬ 
lea  et  al.,  1992;  Murphy  et  al.,  1993;  Garcion  et  al., 
1998).  In  light  of  this,  it  is  particularly  relevant  to  ALS 
to  mention  that  inhibition  of  interleukin- 1/3  activation 
prolongs  survival  of  transgenic  mSODl  mice  (Friedland- 
er  et  al.,  1997)  and  that  tumor  necrosis  factor-a  levels  are 
increased  in  the  spinal  cord  of  the  mnd  mouse  (Ghezzi  et 
al.,  1998),  which  represents  another  experimental  model 
of  motor  neuron  disease.  In  agreement  with  this  tran¬ 
scriptional  induction  model  of  iNOS,  we  demonstrated 
that  iNOS  mRNA  levels  are  increased  in  the  spinal  cord 
of  early  symptomatic  and  end-stage  transgenic  mSODl 
mice  (Fig.  4).  Our  data  are  therefore  consistent  with  the 


current  knowledge  of  iNOS  regulation  and  suggest  the 
following  scenario.  Subsequent  to  the  initiation  of  the 
disease,  motor  neurons  die,  which  causes  the  release  of 
various  compounds,  including  chemotactic  factors  and 
cytokines,  from  the  neurons  themselves  and/or  from 
other  cellular  sources.  This  leads  to  the  formation  of 
gliosis  and  the  induction  of  iNOS,  which  in  turn,  as 
indicated  above,  stimulates  the  formation  of  NO  and 
other  reactive  species,  hence  subjecting  remaining  motor 
neurons  to  an  oxidative  stress. 

Only  neurons  were  labeled  with  the  anti-nNOS  anti¬ 
body  used  in  the  present  study.  nNOS-positive  neurons 
were  scattered  throughout  the  spinal  cord,  and  among 
those  seen  in  the  anterior  horn  only  a  few  had  a  mor¬ 
phology  of  large  motor  neurons  (Fig.  2E).  Consistently, 
nNOS-positive  neurons  located  near  the  central  canal 
were  heavily  labeled,  whereas  those  in  the  ventral  and 
dorsal  horns  were  labeled  much  less  intensively  (see 
inset  in  Fig.  2E),  although  among  nNOS-positive  motor 
neurons  the  intensity  of  the  labeling  was  highly  variable. 
This  description  is  in  agreement  with  that  reported  for 
several  animal  species  (Dun  et  al.,  1993).  Particularly 
noticeable  in  end-stage  transgenic  mSODl  mice  is  the 
reduction  of  nNOS-positive  neurons,  especially  at  the 
level  of  the  anterior  horn  (Fig.  2F).  Although  no  formal 
cell  counts  have  been  made,  it  appears  that  the  loss  of 
nNOS-positive  neurons  does  not  exceed  that  of  motor 
neurons,  which,  at  this  stage  of  the  disease,  is  —50%  in 
these  transgenic  mice  (Gurney  et  al.,  1994;  Kostic  et  al., 
1997a,/?).  Thus,  it  is  most  likely  that  the  observed  loss  of 
nNOS  immunoreactivity  results  from  the  actual  loss  of 
neurons  in  this  animal  model;  the  loss  of  nNOS  immu¬ 
noreactivity  is  consistent  with  neurons  expressing  nNOS 
dying  as  they  also  expressed  mutant  SOD1.  It  is  inter¬ 
esting  that  it  also  appears  that  the  rare  remaining  nNOS- 
positive  neurons,  as  well  as  the  neuropil,  in  the  anterior 
horn  of  end-stage  transgenic  mSODl  mice  exhibited  a 
more  intense  labeling  as  compared  with  their  counter¬ 
parts  in  age-matched  wild-type  animals  (Fig.  2E  and  F). 
This  suggests  that  the  motor  neurons  that  are  spared  may 
be  those  that  exhibit  the  strongest  nNOS  immunostaining 
to  start  with  (see  above  comment  on  variability  of  nNOS 
labeling  in  motor  neurons)  and/or  have  up-regulation  of 
nNOS.  Therefore,  neurons  with  high  levels  of  nNOS 
expression  may  be  less  vulnerable  to  the  neurodegenera¬ 
tive  process  than  those  that  have  low  levels  of  expres¬ 
sion.  This  view  has  been  put  forward  already  to  explain 
the  relative  vulnerability  of  different  subsets  of  neurons 
in  ALS  (Wetts  and  Vaughn,  1998).  Alternatively,  we 
cannot  exclude  the  possibility  that  dying  motor  neurons 
are  in  fact  those  with  the  highest  nNOS  expression.  In 
support  of  this  idea  is  the  demonstration  that  injured 
motor  neurons,  indeed,  induce  nNOS  (Wu  et  al.,  1994; 
Estevez  et  al.,  1998),  which,  in  turn,  may  contribute  to 
their  own  subsequent  demise.  nNOS  enzymatic  activity 
in  the  spinal  cord  of  end-stage  transgenic  mSODl  mice 
was  also  reduced  to  a  magnitude  that  is  consistent  with 
that  of  motor  neuronal  loss  (Fig.  5).  It  should  be  pointed 
out,  however,  that  the  spinal  cord  activity  of  nNOS  in 
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end-stage  transgenic  mSODl  mice,  although  markedly 
reduced,  remains  quite  substantial  and  still  about  six 
times  greater  than  the  maximal  activity  of  iNOS  (Fig.  5). 
It  is  thus  unlikely  that  the  observed  reduction  in  nNOS 
enzymatic  activity  would  be  sufficient  to  cause  a  short¬ 
age  in  NO  formation  and  be  deleterious.  On  the  other 
hand,  as  the  changes  in  the  spinal  cord  of  nNOS  activity 
appeared  to  parallel  that  of  motor  neuron  number,  nNOS 
activity  may  be  a  useful  marker  of  spinal  cord  neurode¬ 
generation  in  this  mouse  model  of  ALS. 

Another  noteworthy  aspect  related  to  our  data  is  the 
fact  that  at  no  disease  stage  did  we  observe  nNOS 
immunoreactivity  in  glial  cells  in  the  spinal  cord  of 
transgenic  mSODl  mice.  This  is  in  striking  contrast  with 
the  study  of  Cha  et  al.  (1998),  who  reported  in  end-stage 
transgenic  mSODl  mice,  and  not  in  control  mice,  nNOS 
labeling  in  cells  that  were  GFAP-positive  and  exhibited 
the  typical  morphology  of  astrocytes;  of  note,  precedent 
exists  for  nNOS  induction  in  neurons  (Young  and  Ciam- 
poli,  1998),  but  this  would  be,  to  our  knowledge,  the  first 
example  of  nNOS  induction  in  glial  cells.  Relevant  to 
this  apparent  discrepancy  is  the  fact  that,  in  mice,  at  least 
three  alternative  spliced  forms  of  nNOS  exist:  nNOS  a, 
nNOS/3,  and  nNOSy  (Eliasson  et  al.,  1997).  Our  anti- 
nNOS  antibody,  which  is  directed  against  the  N-terminal 
200  amino  acids  of  nNOS,  will  only  recognize  the  full- 
length  and  most  abundant  nNOSa  form,  but  not  the  two 
other  truncated  and  less  abundant  spliced  variants,  be¬ 
cause  they  lack  these  amino  acids  (Eliasson  et  al,,  1997). 
Conversely,  the  anti-nNOS  antibody  of  Cha  et  al.  (1998), 
which  is  directed  against  a  region  of  nNOS  (amino  acid 
1,414-1,429)  that  is  conserved  among  the  three  forms 
(Eliasson  et  al.,  1997),  will  recognize  all  three.  Should 
this  speculation  be  correct,  it  would  indicate  that,  in  the 
brain,  whereas  nNOSa  is  indeed  constitutive  and  specific 
to  neurons,  nNOS/3  and  nNOSy  may  be  up-regulated  and 
expressed  in  nonneuronal  cells  under  pathological  situa¬ 
tions  associated  with  gliosis. 

In  conclusion,  the  present  study  provides  compelling 
evidence  that  the  expression  of  iNOS,  and  possibly  of 
nNOS,  is  altered  in  transgenic  mSODl  mice.  It  is  thus 
plausible  that,  over  the  course  of  the  disease,  the  ob¬ 
served  NOS  deregulation  contributes  to  increasing  the 
local  concentration  of  NO,  thereby  promoting  neurode¬ 
generation.  Recent  studies  indicate  that  the  majority  of 
NO-mediated  neurotoxicity  is  dependent  upon  local 
“factors”  produced  within  the  susceptible  target  neurons 
(Dawson  and  Snyder,  1994).  Relevant  to  this  is  the 
demonstration  that,  over  the  course  of  the  disease,  trans¬ 
genic  mSODl  mice  also  develop  mitochondrial  electron 
transport  chain  defects  (Browne  et  al.,  1998),  which,  in 
turn,  can  stimulate  the  production  of  superoxide  radicals 
(Halliwell  and  Gutteridge,  1991).  NO  will  readily  react 
with  the  superoxide  radical  to  produce  the  potent  oxi¬ 
dant,  peroxy nitrite  (Beckman,  1994),  at  a  rate  three  times 
faster  than  the  reaction  rate  of  SOD  in  catalyzing  the 
dismutation  of  the  superoxide  radical  to  hydrogen  per¬ 
oxide  (Beckman,  1994).  Accordingly,  a  simple  increase 
in  the  concentration  of  either  NO,  as  speculated  above,  or 


superoxide  radical,  via  the  mentioned  mitochondrial  de¬ 
fect,  can  lead  to  the  formation  of  peroxynitrite  within  the 
motor  neurons  (Beckman  et  al.,  1990)  and  subsequent 
cell  injury.  Although  peroxynitrite  can  cause  direct  in¬ 
jury  to  the  cell  (Dawson  and  Snyder,  1994),  it  also 
decomposes  to  the  reactive  hydroxyl  radical  (Beckman  et 
al.,  1994),  which  leads  to  further  injury.  In  addition, 
peroxynitrite  can  nitrate  tyrosine  residues  (Beckman  et 
al.,  1992),  which  cause  major  functional  alterations  to 
proteins  (Ara  et  al.,  1998).  In  support  of  this  cascade  of 
deleterious  events  being  relevant  to  ALS  pathogenesis 
are  the  demonstrations  that  the  concentrations  of  hy¬ 
droxyl  radical  and  nitrotyrosine  are,  indeed,  increased  in 
the  spinal  cord  of  the  transgenic  mSODl  mice  (Beal  et 
al.,  1997;  Ferrante  et  al.,  1997;  Bogdanov  et  al.,  1998;  S. 
Przedborski  and  M.  Shigenaga,  unpublished  data).  We 
therefore  believe  that  our  study,  together  with  findings  of 
other  investigators  (Beal  et  al.,  1997;  Ferrante  et  al., 
1997),  should  revive  the  debate  about  the  role  of  NO  in 
the  pathogenesis  of  ALS  (Sasaki  et  al.,  1996).  We  also 
believe  that  our  data  warrant  additional  studies  to  explore 
in-depth  the  effects  of  NOS  inhibition,  by  mean  of  drugs 
or  engineered  animals,  on  motor  neuron  loss  in  trans¬ 
genic  mSODl  mice,  as  they  may  open  new  therapeutic 
avenues  aimed  at  stopping  or  slowing  the  progression  of 
the  disease  in  ALS. 
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Abstract:  Mutations  in  a-synuclein  cause  a  form  of  familial 
Parkinson’s  disease  (PD),  and  wild-type  a-synuclein  is  a 
major  component  of  the  intraneuronal  inclusions  called 
Lewy  bodies,  a  pathological  hallmark  of  PD.  These  obser¬ 
vations  suggest  a  pathogenic  role  for  a-synuclein  in  PD. 
Thus  far,  however,  little  is  known  about  the  importance  of 
a-synuclein  in  the  nigral  dopaminergic  pathway  in  either 
normal  or  pathological  situations.  Herein,  we  studied  this 
question  by  assessing  the  expression  of  synuclein-1 ,  the 
rodent  homologue  of  human  a-synuclein,  in  both  normal 
and  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP)- 
intoxicated  mice.  In  normal  mice,  detectable  levels  of 
synuclein  mRNA  and  protein  were  seen  in  all  brain  regions 
studied  and  especially  in  ventral  midbrain.  In  the  latter,  there 
was  a  dense  synuclein-positive  nerve  fiber  network,  which 
predominated  over  the  substantia  nigra,  and  only  few  scat¬ 
tered  synuclein-positive  neurons.  After  a  regimen  of  MPTP 
that  kills  dopaminergic  neurons  by  apoptosis,  synuclein 
mRNA  and  protein  levels  were  increased  significantly  in 
midbrain  extracts;  the  time  course  of  these  changes  paral¬ 
leled  that  of  MPTP-induced  dopaminergic  neurodegenera¬ 
tion.  In  these  MPTP-injected  mice,  there  was  also  a  dra¬ 
matic  increase  in  the  number  of  synuclein-immunoreactive 
neurons  exclusively  in  the  substantia  nigra  pars  compacta; 
all  synuclein-positive  neurons  were  tyrosine  hydroxylase¬ 
positive,  but  none  coexpressed  apoptotic  features.  These 
data  indicate  that  synuclein  is  highly  expressed  in  the  ni- 
grostriatal  pathway  of  normal  mice  and  that  it  is  up-regu¬ 
lated  following  MPTP-induced  injury.  In  light  of  the 
synuclein  alterations,  it  can  be  suggested  that,  by  targeting 
this  protein,  one  may  modulate  MPTP  neurotoxicity  and, 
consequently,  open  new  therapeutic  avenues  for  PD.  Key 
Words:  Synuclein — MPTP — Neurodegeneration— Parkin¬ 
son’s  disease— Substantia  nigra— Dopaminergic  neurons. 
J.  Neurochem.  74,  721-729  (2000). 


Parkinson’s  disease  (PD)  is  a  common  disabling  neu- 
rodegenerative  disorder  that  can  present  as  both  a  famil¬ 
ial  and  a  nonfamilial  (i.e.,  sporadic)  condition  (Fahn, 
1988).  Its  cardinal  clinical  features  include  tremor,  stiff¬ 
ness,  and  slowness  of  movement,  all  of  which  are  attrib¬ 


uted  to  the  dramatic  loss  of  dopaminergic  neurons  in  the 
substantia  nigra  pars  compacta  (SNpc)  (Fahn,  1988). 
Although  the  actual  cause  of  PD  remains  unknown,  a 
breakthrough  on  this  question  emerged  from  studies  on 
the  small  brain-specific  protein  a-synuclein.  The  first 
clue  linking  a-synuclein  to  PD  comes  from  the  observa¬ 
tion  that  point  mutations  in  the  a-synuclein  gene  cause 
an  autosomal  dominant  parkinsonian  syndrome  almost 
indistinguishable  from  the  prominent  sporadic  form  of 
PD  (Polymeropoulos  et  al.,  1997;  Kruger  et  al.,  1998). 
The  two  missense  mutations  identified  thus  far  result  in 
a  single  amino  acid  substitution  in  a-synuclein  protein, 
that  is,  an  alanine  being  replaced  by  a  hydrophobic 
residue  threonine,  at  position  53,  and  proline,  at  position 
30.  Since  the  discovery  of  these  mutations,  data  have 
been  accumulated  suggesting  that  both  mutations  may 
alter  a-synuclein’ s  normal  intracellular  distribution,  en¬ 
hance  a-synuclein’ s  propensity  to  interact  with  other 
intracellular  proteins,  and  increase  a-synuclein  disposi¬ 
tion  to  aggregate  and  consequently  to  form  intraneuronal 
inclusions  (Conway  et  al.,  1998;  El-Agnaf  et  al.,  1998; 
Engelender  et  al.,  1998;  Giasson  et  al.,  1999;  Narhi  et  al., 
1999).  To  date,  efforts  to  identify  a-synuclein  mutations 
in  sporadic  PD  have  failed  (Golbe,  1999).  On  the  other 
hand,  in  sporadic  PD,  a-synuclein  has  been  demon¬ 
strated  to  be  a  major  component  of  the  intraneuronal 
inclusions,  Lewy  bodies  (LB),  which  are  a  pathological 
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hallmark  of  the  disease  (Spillantini  et  al.,  1997,  1998). 
Furthermore,  oxidative  stress,  which  is  a  leading  patho¬ 
genic  hypothesis  of  sporadic  PD,  has  been  reported  to 
affect  wild-type  a-synuclein,  causing  the  oxidatively 
damaged  wild-type  a-synuclein  to  mimic  some  of  the 
abnormal  behaviors  of  mutant  a-synuclein  (Hashimoto 
et  al.,  1999).  These  observations  strongly  suggest  that 
both  mutant  and  posttranslationally  modified  wild-type 
a-synuclein  may  participate  in  the  SNpc  dopaminergic 
neuron  degeneration  in  PD,  whether  it  is  familial  or 
sporadic. 

a-Synuclein  is  a  small  ubiquitous  protein  highly  ex¬ 
pressed  in  presynaptic  structures  of,  apparently,  all  neu¬ 
ronal  pathways  of  the  brain  (Maroteaux  and  Scheller, 
1991;  Clayton  and  George,  1998;  Lavedan,  1998).  In 
light  of  its  presumed  role  in  synaptic  function, 
a-synuclein  has  been  studied  especially  in  the  brain  of 
various  animal  species  during  development  and  more 
specifically  during  the  time  frame  of  synaptogenesis 
(Withers  et  al,  1997;  Petersen  et  al.,  1999).  In  humans, 
a-synuclein  has  also  been  studied  intensively  in  brain 
regions  such  as  cerebral  cortex  because  of  the  possible 
role  of  one  of  its  internal  fragments  called  NAC  (i.e., 
non-/3-amyloid  component)  in  the  formation  of  plaques 
in  Alzheimer’s  disease  brains  (Iwai  et  al.,  1995,  1996; 
Irizarry  et  al,  1996;  Masliah  et  al,  1996).  However, 
although  the  association  of  mutant  a-synuclein  with  at 
least  some  forms  of  PD  is  well  established,  our  knowl¬ 
edge  about  the  role  of  a-synuclein  in  normal  or  even 
injured  SNpc  dopaminergic  neurons  is,  to  date,  quite 
poor.  Therefore,  to  acquire  better  understanding  about 
the  relationship  between  a-synuclein  and  SNpc  dopami¬ 
nergic  neurons,  we  studied  the  expression  and  distribu¬ 
tion  of  synuclein-1,  the  rodent  homologue  of  human 
a-synuclein  (both  referred  to  henceforth  as  a-synuclein, 
except  when  indicated),  in  normal  mice.  We  also  per¬ 
formed  these  investigations  in  the  l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine  (MPTP)  mouse  model  of  PD 
to  explore  the  response  of  a-synuclein  to  an  injury  and 
examine  its  contribution  to  the  dopaminergic  neurode- 
generative  process.  We  elected  to  use  the  MPTP  model 
because,  to  date,  it  is  recognized  as  the  best  experimental 
model  of  sporadic  PD,  replicating  most  of  the  biochem¬ 
ical  and  pathological  features  seen  in  the  clinical  condi¬ 
tion  (Przedborski  and  Jackson-Lewis,  1998). 

MATERIALS  AND  METHODS 

Animals 

Eight-week-old  male  C57/bl  mice  (22-25  g;  Charles  River 
Breeding  Laboratories,  Wilmington,  MA,  U.S.A.)  were  used. 
Animals  were  housed  three  per  cage  in  a  temperature-con¬ 
trolled  room  under  a  12-h  light/1 2-h  dark  cycle  with  free  access 
to  food  and  water.  Mice  used  in  this  study  were  treated  accord¬ 
ing  to  the  NIH  Guidelines  for  the  Care  and  Use  of  Laboratory* 
Animals  and  with  the  approval  of  Columbia  University’s  Insti¬ 
tutional  Animal  Care  and  Use  Committee. 

MPTP  administration 

Mice  were  divided  into  two  groups  and  received  either  a 
chronic  or  an  acute  MPTP  regimen.  For  the  chronic  regimen 


(kills  dopaminergic  neurons  by  apoptosis;  see  Tatton  and  Kish, 
1997),  mice  received  one  intraperitoneal  injection  of  MPTP- 
HC1  per  day  (30  mg/kg/day  of  free  base;  Research  Biochemi¬ 
cals,  Natick,  MA,  U.S.A.)  for  5  consecutive  days  and  were 
killed  at  0,  1,  2,  4,  7,  14,  21,  and  42  days  after  the  last  injection; 
control  mice  received  saline  injections  only.  Both  saline-  and 
MPTP-treated  animals  were  then  divided  into  two  groups.  The 
first  group  was  perfused  and  the  brains  used  for  immunohisto- 
chemistry,  whereas  the  second  group  of  mice  were  killed  and 
the  brains  quickly  removed,  dissected  (midbrain,  striatum,  cer¬ 
ebellum,  and  cortex),  snap-frozen  on  dry  ice,  and  stored  at 
“80°C  for  western  blot  and  RT-PCR  analysis.  For  the  acute 
regimen  (kills  dopaminergic  neurons  by  necrosis;  see  Jackson- 
Lewis  et  al.,  1995),  mice  received  on  the  day  of  the  experiment 
four  intraperitoneal  injections  of  MPTP-HC1  (20  mg/kg)  in 
saline  at  2-h  intervals  and  were  killed  at  0,  2,  4,  7,  and  21  days 
after  injection;  control  mice  received  saline  injections  only. 
Both  saline-  and  MPTP-treated  animals  were  prepared  for 
immunohistochemistry  and  western  blot  analysis  as  described 
above. 

Western  blot  analysis 

Total  tissue  proteins  were  isolated  in  50  mM  Tris-HCl,  pH 
7.0,  150  m M  NaCl,  5  mM  EDTA,  1%  sodium  dodecyl  sulfate, 
1%  Nonidet  P-40,  and  protease  inhibitors  (Mini  Cocktail; 
Roche  Diagnostics,  Indianapolis,  IN,  U.S.A.).  Protein  concen¬ 
tration  was  determined  using  the  bicinchoninic  acid  kit  (Pierce, 
Rockford,  IL,  U.S.A.).  After  boiling  in  IX  Laemmli  buffer, 
50-100  fxg  of  protein  was  loaded  onto  12-15%  sodium  dode¬ 
cyl  sulfate-polyacrylamide  gel  electrophoresis,  transferred  to 
nitrocellulose  or  polyvinylidene  difluoride  membrane,  and 
blocked  with  5%  nonfat  dry  milk  in  IX  Tris-buffered  saline 
(TBS),  0.1%  Tween  20  for  1  h.  Incubation  with  one  of  the 
primary  antibodies  was  performed  overnight  at  4°C  using 
1:1,000  anti-synuclein-1  (Transduction  Laboratories,  Lexing¬ 
ton,  KY,  U.S.A.),  1:1,000  j3-synuclein  (gift  from  Dr.  S.  Nakajo, 
Tokyo,  Japan),  1:2,000  anti-synaptophysin  (gift  from  Dr. 
Honer,  Albert  Einstein  College  of  Medicine,  Bronx,  NY, 
U.S.A.),  or  1:500  anti-tyrosine  hydroxylase  (anti-TH;  Eugene 
Tech,  Ridgefield  Park,  NJ,  U.S.A.).  Incubation  with  a  second¬ 
ary  anti-mouse  or  anti-rabbit-conjugated  horseradish  peroxi¬ 
dase  antibody  was  performed  at  room  temperature  for  1  h.  After 
washing  in  IX  TBS,  0.1%  Tween-20,  blots  were  exposed  to 
Super  Signal  Ultra  chemiluminescence  (Pierce)  and  exposed  to 
Kodak  /3-Max  film.  Films  were  then  digitized,  each  band  was 
outlined  with  a  screen  cursor  driven  by  a  hand-held  mouse,  and 
optical  densities  were  determined  using  a  computerized  image 
analysis  system  (Inquiry  image  analyzer,  Loats  Associates, 
Westminster,  MD,  U.S.A.). 

Immunohistochemistry 

After  being  anesthetized  with  pentobarbital  (30  mg/kg  i.p.), 
saline-  (n  =  5)  and  MPTP-treated  mice  (0,  1, 2, 4,  7,  14,  21,  and 
42  days  after  the  last  MPTP  injection,  n  =  4-7  for  each  time 
point)  were  perfused  intracardially  with  24  ml  of  saline  fol¬ 
lowed  by  72  ml  of  cold  4%  (wt/vol)  paraformaldehyde  in  0.1  M 
phosphate-buffered  saline  (PBS),  pH  7.1.  Animals  were  then 
decapitated,  and  brains  were  removed,  immersed  for  72  h  in  the 
same  4%  paraformaldehyde  fixative,  and  cryoprotected  in  30% 
sucrose  in  0.1  M  PBS  for  48  h  at  4°C.  Brains  were  then  frozen 
on  dry  ice-cooled  isopentane  and  stored  at  —  80°C  until  use. 
Serial  coronal  sections  (30  ixm  thickness)  spanning  the  entire 
midbrain  and  the  mid  striatum  were  cut  on  a  cryostat,  collected 
free-floating  in  PBS,  and  processed  as  described  below. 
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For  all  immunostaining,  sections  were  first  rinsed  (3X5 
min)  with  0.1  M  PBS,  pH  7.4.  Sections  were  then  immersed  in 
a  solution  of  3%  H2O2/10%  methanol  for  5  min,  followed  by 
incubation  with  5%  normal  horse  serum  (NHS)  for  60  min. 
Sections  were  then  incubated  with  the  primary  antibody  (anti- 
synuclein-1,  1:1,000)  in  0.1  M  PBS,  pH  7.4,  containing  2% 
NHS  and  0.3%  Triton  X-100,  for  48  h  at  4°C  on  a  shaker.  After 
rinsing  in  PBS,  biotinylated  secondary  horse  anti-mouse  IgG 
(1:200;  Vector,  Burlington,  CA,  U.S.A.)  in  0.1  MPBS,  pH  7.4, 
containing  2%  NHS  was  added,  and  the  sections  were  incu¬ 
bated  for  60  min  at  room  temperature.  This  was  followed  by  a 
final  incubation  in  avidin/biotin  peroxidase  complex  (Vector) 
for  60  min.  Visualization  was  performed  by  incubation  in 
3,3'-diaminobenzidine/glucose/glucose  oxidase  for  10  min.  All 
sections  were  then  washed  3X5  min  in  PBS,  mounted  on  0.1% 
gelatin-coated  slides,  dried,  dehydrated  in  graded  ethanols, 
cleared  in  xylenes,  and  coverslipped.  To  test  the  specificity  of 
the  immunostaining,  control  sections  were  processed  in  an 
identical  manner  but  with  the  primary  or  secondary  antibody 
omitted.  Adjacent  sections  were  immunostained  for  TH 
(1:1,000;  Calbiochem,  San  Diego,  CA,  U.S.A.)  and  counter- 
stained  with  thionin. 

To  examine  the  colocalization  of  a-synuclein  with  TH,  a 
double-immunofluorescence  technique  was  used.  After  wash¬ 
ing,  sections  were  blocked  in  5%  normal  goat  serum  and  NHS 
in  0.1  M  TBS  for  1  h.  Incubation  with  primary  antibodies  was 
performed  for  48  h  at  4°C,  with  anti-synuclein-1  (1:200)  and 
anti-TH  (1:500)  antibodies.  As  the  anti-TH  antibody  was  made 
in  rabbit  and  the  anti-synuclein-1  antibody  was  made  in  mouse, 
we  used  different  secondary  antibodies  for  double  labeling: 
anti-rabbit  IgG  labeled  with  Texas  Red,  and  biotinylated  anti¬ 
mouse  IgG,  followed  by  avidin  D  labeled  with  fluorescein. 
Sections  were  examined  on  green,  red,  and  double  (green 
+  red)  filters  using  confocal  microscopy.  To  colocalize 
a-synuclein  staining  with  apoptotic  morphology,  additional 
fluorescent  a-synuclein-stained  sections  were  counterstained 
with  the  DNA  dyes  TOTO-3  iodide  (2  pM  in  the  secondary 
antibody  solution)  or  Hoechst  33342  (10  /xg/ml  in  phosphate 
buffer  for  45  min)  (both  from  Molecular  Probes,  Eugene,  OR, 
U.S.A.). 

Quantitative  morphology 

Early  and  late  in  the  course  of  the  MPTP  neurodegenerative 
process,  the  number  of  a-synuclein-positive  cells  was  minimal 
or  none.  This  rendered  unreliable  the  use  of  our  stereological 
method  (Mandir  et  al.,  1999)  because  this  approach  requires  a 
minimal  number  of  cells  being  “countable”  by  applying  the 
random  paradigm.  If  the  number  is  too  small,  we  may  miss  the 
rare  positive  cells  and  count  no  cells  that  may  be  false.  Thus,  if 
this  situation  occurs,  we  will  return  to  our  assumption-based 
method  (Przedborski  et  al.,  1996),  which  is  not  affected  by  the 
rarity  of  the  counted  cells,  following  the  recommendations  of 
the  editors  of  the  Journal  of  Comparative  Neurology  (Cogge- 
shall  and  Lekan,  1996)  on  the  question.  We  are  also  aware  that 
our  conclusions  regarding  counted  cells  using  this  assumption- 
based  method  should  only  imply  whether  there  are  significantly 
more  or  less  counted  cells  in  the  experimental  cases.  By  ap¬ 
plying  these  strict  criteria,  the  above-cited  editorial  (Coggeshall 
and  Lekan,  1996)  indicates  that  our  assumption-based  method 
of  cell  counts  is  valid.  In  brief,  counts  were  performed  manu¬ 
ally  and  blinded  to  the  treatment  received  (i.e.,  MPTP  or 
saline).  For  each  mouse  (n  =  4-7  per  group),  eight  different 
stereotaxic  planes  encompassing  the  entire  substantia  nigra  and 
containing  the  SNpc  were  analyzed  (interaural  0.88  to  0.16 
mm;  Franklin  and  Paxinos,  1997)  by  scanning  the  entire  SNpc 


on  both  sides  (light  microscopy;  X200).  The  average  number  of 
neurons  in  each  plane  was  added  to  provide  a  measure  of  the 
total  number  of  SNpc  a-synuclein-positive  neurons  for  each 
animal  and  then  divided  by  the  number  of  counted  sections  to 
provide  the  number  of  a-synuclein-positive  cells  per  section. 

RNA  extraction  and  RT-PCR 

Total  RNA  was  extracted  from  midbrain,  striatal,  and  cere¬ 
bellar  samples  from  saline-  and  chronic  MPTP-treated  animals 
(at  0,  4,  7,  21,  and  42  days  after  last  MPTP  injection,  n  =  5  for 
each  time  point)  using  a  Qiagen  RNA  isolation  kit  (Qiagen, 
Valencia,  CA,  U.S.A.).  The  yield  and  quality  of  the  RNA  were 
determined  by  measuring  the  absorbance  at  260  and  280  nm  in 
a  spectrophotometer.  First-strand  cDNA  was  synthesized  from 
1  fig  of  total  RNA  by  reverse  transcription,  using  the  Super- 
Script  Preamplification  System  with  Superscript  II  RNase  H- 
reverse  transcriptase  (GibcoBRL  Life  Technologies,  Grand  Is¬ 
land,  NY,  U.S.A.).  The  reaction  mixture  (20  p,l)  for  PCR 
consisted  of  1  fi\  of  cDNA  template,  18  pi  of  Supermix 
(GibcoBRL),  0.01  pmol  of  [32P]dCTP  (New  England  Nuclear, 
Boston,  MA,  U.S.A.;  specific  activity,  3,000  Ci/mmol),  and 
4-10  pmol  of  each  specific  primer.  The  primer  sequences  were 
5 ' -GTGGTTC ATGG AGTG AC AAC-3 '  (forward)  and  5'-AG- 
GCTTCAGGCTC ATAGTCT-3 '  (reverse)  for  a-synuclein  and 
5 ' - AGAG AGGACC AGTC AGCC AA-3 '  (forward)  and  5'- 
TG ACC AGA ACCTTCTCTC AAGC-3 '  (reverse)  for  synapto- 
physin.  As  an  internal  control,  glyceraldehyde-3 -phosphate  de¬ 
hydrogenase  (GAPDH)  cDNA  was  coamplified  using  primer 
sequences  5 '  -GTTTCTTACTCCTTGG  AGGCC  AT-3 '  (for¬ 
ward)  and  5 ' -TG ATGAC ATC AAGA AGTGGTGA A-3 '  (re¬ 
verse).  Each  PCR  cycle  consisted  of  denaturation  at  94°C  for  1 
min,  annealing  at  62°C  for  1  min,  and  extension  at  72°C  for  1.5 
min,  followed  by  a  final  10-min  extension  at  72°C.  PCR  am¬ 
plification  was  carried  out  for  27  cycles  for  a-synuclein  and 
synaptophysin  and  22  cycles  for  GAPDH  using  a  Perkin-Elmer 
Gene  Amp  9700  thermal  cycler.  The  conditions  for  each  PCR 
amplification  resulted  in  an  exponential  amplification  range  for 
quantification  of  each  mRNA.  After  amplification,  samples 
were  separated  on  5%  polyacrylamide  gel  electrophoresis  in 
0.5X  Tris-borate-EDTA  buffer.  Gels  were  dried  and  exposed 
overnight  to  a  phosphorimager  screen,  and  then  radioactivity 
was  quantified  using  a  computerized  analysis  system  (Bio-Rad 
Phosphorimager  system). 

Statistical  analysis 

For  each  experiment,  four  to  seven  mice  per  group  were 
studied  and  all  values  are  expressed  as  the  means  ±  SEM. 
Differences  were  analyzed  using  one-way  ANOVA  with  the 
different  groups  of  mice  as  the  independent  factor.  When 
ANOVA  showed  significant  differences,  pairwise  comparisons 
were  tested  by  Newman-Keuls  post-hoc  analysis.  In  all  anal¬ 
yses,  the  null  hypothesis  was  rejected  at  the  0.05  level. 

RESULTS 

Increased  a-synuclein  protein  expression  in  the 
ventral  midbrain  after  chronic  MPTP  intoxication 

To  determine  whether  a-synuclein  may  be  involved  in 
the  deleterious  cascade  of  events  induced  by  MPTP,  we 
assessed  a-synuclein  protein  expression  levels  in  the 
ventral  midbrain  of  MPTP-intoxicated  mice,  at  different 
time  points  after  MPTP  administration,  using  western 
blot  analysis.  The  immunoblot  for  a-synuclein  resulted 
in  a  single  band  of  19  kDa,  as  previously  described 
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FIG.  1.  Expression  of  synuclein-1 ,  synaptophysin,  and  TH  pro¬ 
teins  in  ventral  midbrain  samples  of  saline-treated  (S)  and 
chronic  MPTP-intoxicated  mice  at  different  time  points  after 
intoxication.  The  immunoblot  for  synuclein-1  resulted  in  a  single 
band  of  19  kDa  (A),  confirming  the  specificity  of  the  antibody. 
Quantitative  results  (B)  were  obtained  by  measurement  of  the 
optical  density  of  each  band  using  a  computerized  image  anal¬ 
ysis  system  as  described  in  Materials  and  Methods.  After 
chronic  MPTP  regimen,  a-synuclein  protein  expression  in¬ 
creased  progressively  in  midbrain  extracts  from  0  to  4  days  after 
MPTP  administration,  and  then  returned  to  the  level  of  controls. 
Parallel  to  changes  in  a-synuclein  protein  expression,  levels  of 
synaptophysin  progressively  decreased  in  the  ventral  midbrain 
after  chronic  MPTP  administration.  Similarly,  TH  protein  expres¬ 
sion  was  also  decreased  after  MPTP  intoxication,  reflecting  the 
progressive  loss  of  dopaminergic  neurons.  No  changes  in 
a-synuclein  protein  levels  were  detected  in  the  striatum  or  in 
other  cerebral  structures,  such  as  cerebellum  or  cortex  (data  not 
shown).  *p  <  0.05,  compared  with  saline  (Newman-Keuis  post- 
hoc  analysis). 


(Ueda  et  al,  1993).  Quantitative  results  were  obtained  by 
measuring  the  optical  density  of  each  band  using  a  com¬ 
puterized  image  analysis  system  as  described  in  Materi¬ 
als  and  Methods.  After  the  chronic  MPTP  regimen, 
a-synuclein  protein  expression  progressively  increased 
in  midbrain  extracts  from  0  to  4  days  after  MPTP  ad¬ 
ministration  (Fig.  1).  This  increase  was  already  signifi¬ 
cant  at  0  days  (+44%),  peaked  at  4  days  (+77%),  and 
then  returned  to  control  level.  No  changes  in  a-synuclein 
protein  levels  were  detected  in  the  striatum  or  in  other 
cerebral  structures,  such  as  cerebellum  or  cortex  (data 
not  shown).  In  addition  to  a-synuclein,  levels  of  synap¬ 
tophysin,  another  presynaptic  protein,  were  determined 
to  test  the  possibility  that  a-synuclein  alterations  might 
be  part  of  a  nonspecific  response  of  synaptic-related 
proteins  to  MPTP  injury.  In  contrast  to  changes  in 
a-synuclein  protein  levels,  synaptophysin  protein  levels 
progressively  decreased  in  the  ventral  midbrain  after 
chronic  MPTP  administration  (Fig.  1).  No  change  of 
expression  was  detected  in  another  member  of  the 
synuclein  family,  /3-synuclein.  TH  protein  levels  were 


also  decreased  after  chronic  MPTP  intoxication,  reflect¬ 
ing  the  progressive  loss  of  dopaminergic  neurons.  In 
contrast  to  the  chronic  regimen  of  MPTP,  the  acute 
regimen  did  not  result  in  any  significant  change  in 
a-synuclein  protein  expression. 

Regional  and  cellular  localization  of  a-synuclein 
up-regulation 

To  determine  whether  the  observed  changes  in 
a-synuclein  protein  expression  within  the  ventral  mid¬ 
brain  were  specific  to  the  SNpc,  we  performed  immuno- 
histochemistry  with  the  same  anti-sy  nuclein- 1  antibody 
as  used  for  the  western  blot.  In  saline-injected  mice, 
there  was  a  dense  network  of  a-synuclein-positive  nerve 
fibers  over  the  entire  substantia  nigra  that  predominated 
in  the  pars  reticulata  (SNpr)  and  especially  in  its  most 
medial  and  ventral  parts.  Superimposed  on  this  dense 
a-synuclein-positive  neuropil,  there  were  also  a  few  scat¬ 
tered  a-synuclein-positive  cells  with  a  definite  neuronal 
morphology  in  the  SNpc  (Fig.  2).  Within  a-synuclein- 
positive  neurons,  immunostaining  was  distributed  dif¬ 
fusely  over  the  somata  with  greater  immunoreactivity  in 
the  cytoplasmic  than  in  the  nuclear  area,  and  appeared  to 
extend  to  proximal  neuronal  processes.  After  chronic, 
but  not  acute,  MPTP  intoxication,  we  did  not  observe 
any  alteration  at  the  level  of  a-synuclein-positive  neuro¬ 
pil  staining  in  the  SNpc  and  SNpr.  In  contrast,  after  this 
MPTP  regimen,  the  number  of  a-synuclein-positive  neu¬ 
rons  in  the  SNpc  increased  dramatically  as  early  as  0 
days  after  the  last  MPTP  injection  (i.e.,  5  days  after  the 
first  MPTP  injection)  (Fig.  2);  the  number  of 
a-synuclein-positive  neurons  in  the  SNpc  returned  to 
baseline  (i.e.,  saline  controls)  by  21  days  after  MPTP 
administration  (data  not  shown).  Of  note,  in  neither  sa¬ 
line-  nor  MPTP-injected  mice  did  we  observe  (a)  any 
immunostaining  in  the  absence  of  the  primary  anti- 
synuclein-1  antibody,  (b)  any  a-synuclein-positive  intra¬ 
neuronal  aggregate,  or  (c)  any  glial  cells  exhibiting 
a-synuclein  immunoreactivity. 

Adjacent  sections  immunostained  with  TH  and  coun- 
terstained  with  thionin  confirmed  the  cellular  loss  in¬ 
duced  by  MPTP  intoxication,  as  previously  described 
(Jackson-Lewis  et  al.,  1995;  Tatton  and  Kish,  1997). 
Furthermore,  thionin  staining  revealed  the  presence  of 
apoptotic  morphology  in  the  SNpc  of  chronic  MPTP- 
intoxicated  animals  (Fig.  2).  None  of  these  apoptotic 
features  could  be  colocalized  with  a-synuclein  immuno¬ 
reactivity  with  absolute  certainty. 

Double  immunofluorescence  was  performed  to  iden¬ 
tify  the  phenotype  of  neurons  expressing  a-synuclein. 
Examination  with  confocal  microscopy  revealed  that  all 
a-synuclein-positive  neurons  in  the  SNpc  colocalized 
with  TH  immunoreactivity  (Fig.  3),  suggesting  that 
a-synuclein  up-regulation  after  MPTP  occurs  specifi¬ 
cally  within  dopaminergic  neurons,  even  if  not  all  TH- 
positive  neurons  were  immunostained  with  a-synuclein. 
Adjacent  sections  were  used  to  colocalize  fluorescent 
a-synuclein  staining  with  apoptotic  morphologies,  using 
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FIG.  2.  Representative  photomicrographs  illus¬ 
trating  synuclein-1  immunoreactivity  (brown)  in 
the  ventral  midbrain  of  saline-treated  (A)  and 
chronic  MPTP-intoxicated  (B)  mice,  counter- 
stained  with  thionin  (blue).  Quantitative  results 
(C)  were  obtained  by  counting  a-synuclein-la- 
beled  neurons  in  the  SNpc.  A  strongly  immuno- 
stained  fiber  network  was  observed  in  the  SNpr 
in  both  saline-treated  and  MPTP-intoxicated 
animals  (A  and  B).  A  small  number  of 
a-synuclein-immunoreactive  neuronal  bodies 
were  detected  in  the  SNpc  of  control  saline- 
injected  mice  (A  and  C).  After  chronic,  but  not 
acute,  MPTP  intoxication,  the  number  of 
a-synuclein-positive  neurons  in  the  SNpc  in¬ 
creased  dramatically  (B  and  C),  with  peaks  at  0 
(as  shown  in  B)  and  7  days  after  intoxication. 
The  number  of  a-synuclein-immunoreactive 
neurons  progressively  returned  to  levels  similar 
to  that  of  controls  after  21  days  (data  not 
shown).  a-Synuclein  staining  was  regularly  dis¬ 
tributed  within  the  neuronal  cytosol,  as  seen  at 
higher  magnification  in  the  upper  inset  in  B,  with 
no  detectable  intraneuronal  inclusions.  Up-reg¬ 
ulation  of  a-synuclein  expression  was  parallel  to 
an  apoptotic  mode  of  neuronal  death  in  the 
SNpc,  as  illustrated  in  the  lower  inset  in  B,  with 
the  presence  of  apoptotic  morphology  (with 
chromatin  clumps)  detected  by  thionin  staining. 
No  colocalization  of  apoptotic  morphology  with 
a-synuclein  immunostaining  was  detected.  *p 
<  0.05,  compared  with  saline  (Newman-Keuls 
post- hoc  analysis).  Scale  bars  =  200  jam  (A),  40 
jutm  (upper  inset  in  B),  and  10  jum  (lower  inset 
in  B). 
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FIG.  3.  Representative  photomicrographs  illustrating  double-immunofluorescence  staining,  visualized  with  confocal  microscopy,  of 
synuclein-1  (green,  B  and  E)  and  TH  (red,  A  and  D)  in  the  SNpc  of  saline-injected  mice  (D-F )  and  after  chronic  MPTP  administration  (at 
0  day  after  last  MPTP  injection)  (A-C).  In  chronic  MPTP-treated  animals,  a-synuclein  immunoreactivity  was  colocalized  with  TH,  as  seen 
by  double  filter  (red  +  green)  in  C.  In  saline-injected  animals,  very  few  a-synuclein-positive  neurons  were  detected  by  immunofluores¬ 
cence  (E),  as  illustrated  by  a  predominance  of  TH  (red)-labeled  cells  using  double  filter  (F).  Scale  bar  =  50  i±rr\. 
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FIG.  4.  Midbrain  a-synuclein  mRNA  expression  detected  by 
RT-PCR.  A  photograph  of  the  gel  (A)  and  the  corresponding  bar 
graph  (B)  show  increased  a-synuclein  mRNA  expression  after 
chronic  MPTP  administration  compared  with  that  in  saline-in¬ 
jected  mice.  Levels  of  a-synuclein  mRNA  expression  progres¬ 
sively  decreased  to  the  level  of  controls  up  to  21  and  42  days 
(data  not  shown).  GAPDH  mRNA  expression  levels  were  deter¬ 
mined  as  an  internal  control  and  used  to  normalize  the  values  for 
a-synuclein  mRNA  expression.  No  changes  in  a-synuclein 
mRNA  expression  were  found  in  either  the  striatum  or  the  cer¬ 
ebellum,  and  expression  levels  of  synaptophysin  mRNA  were 
unchanged  after  MPTP  intoxication  (data  not  shown).  *p  <  0.05, 
compared  with  saline  (Newman-Keuls  post-hoc  analysis). 

TOTO-3  iodide  and  Hoechst  33342  DNA  dyes,  failing  to 
reveal  any  definite  colocalization. 

Up-regulation  of  a-synuclein  mRNA  following 
MPTP  administration 

To  determine  whether  changes  in  a-synuclein  protein 
expression  are  accompanied  by  changes  in  a-synuclein 
mRNA  levels,  additional  midbrain  samples  of  chronic 
MPTP-treated  mice  were  used  for  semiquantitative  RT- 
PCR  amplification.  Other  cerebral  structures,  such  as  the 
striatum  and  the  cerebellum,  were  also  analyzed.  In  par¬ 
allel,  expression  levels  of  synaptophysin  mRNA  were 
also  determined.  As  an  internal  control,  the  mRNA  levels 
of  expression  of  the  housekeeping  gene  GAPDH  were 
determined  and  used  to  normalize  the  levels  of 
a-synuclein  and  synaptophysin  mRNA. 

Consistent  with  a-synuclein  protein  alterations, 
a-synuclein  mRNA  was  increased  in  the  midbrain  fol¬ 
lowing  chronic  MPTP  intoxication  in  a  time-dependent 
manner  (Fig.  4),  peaking  at  4  days  (+94%)  after  intox¬ 
ication  and  then  progressively  decreasing  to  the  level  of 
controls  up  to  21  days.  No  changes  in  a-synuclein 
mRNA  expression  were  found  in  either  the  striatum  or 
the  cerebellum.  Expression  levels  of  synaptophysin 
mRNA  in  the  ventral  midbrain  were  either  unchanged  or 
decreased,  although  not  statistically  significant,  after 
MPTP  intoxication  (data  not  shown). 

DISCUSSION 

In  the  present  study,  we  first  report  the  regional  and 
cellular  distribution  of  a-synuclein  within  the  SNpc, 


which,  to  date,  has  not  been  studied.  In  normal  mice,  a 
striking  aspect  is  the  conspicuous  a-synuclein-positive 
nerve  fiber  network  that  covers  the  entire  substantia 
nigra,  in  the  presence  of  only  rare  a-synuclein-positive 
neuronal  cell  bodies.  This  remarkable  dissociation  of 
a-synuclein  immunoreactivity  between  nerve  fibers  and 
cell  bodies  is  consistent  with  its  known  normal  intracel¬ 
lular  distribution  in  various  regions  of  the  mature  brain  in 
other  animal  species  and  is  in  keeping  with  its  presumed 
synaptic  function  (Maroteaux  and  Scheller,  1991;  Clay¬ 
ton  and  George,  1998;  Lavedan,  1998).  At  the  cellular 
level,  most  of  the  immunoreactivity  was  located  in  the 
cytoplasm  of  a-synuclein-positive  perikarya  and  proxi¬ 
mal  processes,  with  some  also  present  in  the  nuclei. 
Although  we  did  not  formally  study  other  structures  of 
the  basal  ganglia,  robust  a-synuclein  immunostaining 
was  also  observed  in  the  striatum,  which  showed  high 
immunoreactivity,  followed  by  the  subthalamic  nucleus, 
the  globus  pallidus,  and  the  thalamus,  all  of  which 
showed  moderate-to-low  immunoreactivity.  This  re¬ 
gional  and  cellular  pattern  of  a-synuclein  immunostain¬ 
ing  agrees  with  that  previously  reported  (Maroteaux  and 
Scheller,  1991;  Tobe  et  al.,  1992;  Irizarry  et  al,  1996; 
Lavedan,  1998),  although  the  originally  described  nu¬ 
clear  localization  of  a-synuclein  immunoreactivity, 
which  we  also  observed  in  neurons  of  the  normal  mouse 
SNpc,  has  not  been  observed  by  all  investigators. 

This  study  also  defines  the  topographical  and  temporal 
relationship  between  a-synuclein  expression  and  neuro¬ 
nal  degeneration  following  MPTP  administration  by  us¬ 
ing  two  different  regimens  of  MPTP  injections:  one, 
called  acute,  kills  SNpc  dopaminergic  neurons  by  necro¬ 
sis,  whereas  the  other,  called  chronic,  kills  SNpc  dopa¬ 
minergic  neurons  by  apoptosis  (Jackson-Lewis  et  al., 
1995;  Tatton  and  Kish,  1997).  It  appeared  important  to 
ascertain  the  a-synuclein  response  in  the  context  of  these 
two  morphologically  defined  modes  of  cell  death,  as  they 
represent  the  two  current  schools  of  thought  regarding 
forms  of  cell  death  in  PD  (Burke  and  Kholodilov,  1998). 
Indeed,  for  many  years,  the  consensus  has  been  that,  in 
PD,  as  in  any  pathological  brain  condition,  neurons  die 
by  necrosis.  However,  biochemical  and  morphological 
features  of  apoptosis  have  been  identified  in  parkinso¬ 
nian,  but  not  in  control,  postmortem  brain  samples 
(Burke  and  Kholodilov,  1998).  This  has  raised  the  pos¬ 
sibility  that  apoptosis  may  be  a  mode  of  neuronal  death 
not  only  during  development  and  morphogenesis,  but 
also  in  diseased  mature  brain  as  in  PD.  Thus,  it  is 
interesting  that  a-synuclein  expression  appeared  dramat¬ 
ically  altered  in  the  mouse  brain  following  only  the 
chronic,  and  not  the  acute,  regimen  of  MPTP.  The  dis¬ 
crepancy  in  the  a-synuclein  response  to  the  acute  and 
chronic  regimen  cannot  be  explained  by  the  dose  of  toxin 
used  because  we  and  others  have  demonstrated  that  one 
injection  of  30  mg/kg/day  for  5  consecutive  days  (i.e., 
chronic  regimen)  or  four  injections  of  20  mg/kg  every 
2  h  in  1  day  (i.e.,  acute  regimen)  cause,  in  both  cases,  a 
loss  of  SNpc  dopaminergic  neurons  that  is,  in  this  strain 
of  mice,  ~60%  (Jackson-Lewis  et  al.,  1995;  Tatton  and 
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Kish,  1997).  The  difference  cannot  be  explained  by  the 
time  points  studied  either,  as  those  cover  the  SNpc  do¬ 
paminergic  neurodegeneration  produced  by  both  the 
chronic  and  acute  regimen  (Jackson-Lewis  et  al.,  1995; 
Tatton  and  Kish,  1997).  Therefore,  at  this  point  the  most 
parsimonious  explanation  may  be  that  a-synuclein  alter¬ 
ation  in  the  SNpc  is  associated  specifically  with  the 
occurrence  of  apoptosis.  Along  this  line,  it  is  relevant  to 
point  out  that  the  time  course  of  a-synuclein  up-regula¬ 
tion  paralleled  that  of  neuronal  death  produced  by  the 
chronic  MPTP  regimen,  by  either  preceding  or  coincid¬ 
ing  with  the  wave  of  actual  cell  degeneration.  It  is  also 
important  to  mention  that  changes  in  a-synuclein  expres¬ 
sion  followed  the  regional  specificity  of  MPTP  neuro¬ 
toxic  effects  because  a-synuclein  mRNA  and  protein 
expression  was  increased  in  ventral  midbrain,  and  spe¬ 
cifically  in  dopaminergic  neurons  of  the  SNpc,  but  not  in 
other  structures,  such  as  the  cortex  or  cerebellum.  The 
absence  of  detectable  a-synuclein  alterations  in  the  stri¬ 
atum,  despite  definite  MPTP-induced  damage  to  SNpc 
projecting  nerve  fibers  in  this  structure,  likely  reflects  the 
small  percentage  that  dopaminergic  terminals  represent 
in  the  striatum  relative  to  the  total  pool  of  terminals 
(Descarries  et  al.,  1996).  On  the  other  hand,  increased 
a-synuclein  expression  does  not  seem  to  be  part  of  a 
common  response  of  synaptic-related  proteins  to  MPTP 
injury  because  the  expression  levels  of  synaptophysin, 
another  synapse- associated  protein,  were  either  un¬ 
changed  or  decreased  after  chronic  MPTP  intoxication.  It 
is  also  noteworthy  that  the  increase  in  the  number  of 
a-synuclein-immunoreactive  cells  lasted  longer  than  the 
increases  in  the  levels  of  a-synuclein  mRNA  and  protein. 
Indeed,  following  MPTP  injection,  levels  of  a-synuclein 
protein  detected  by  western  blot  were  close  to  the  levels 
found  in  saline-injected  controls  by  day  7,  whereas  the 
number  of  a-synuclein-positive  neurons  was  still  in¬ 
creased  by  this  time  point  and  only  appeared  to  return  to 
baseline  after  day  14.  This  can  be  explained  by  the  fact 
that  although  neurons  may  remain  unquestionably  im- 
munoreactive  beyond  day  7,  their  actual  a-synuclein 
protein  content  may  have  already  decreased  significantly. 
Changes  in  a-synuclein  expression  within  the  dense 
a-synuclein-positive  fiber  network  in  the  substantia  nigra 
may  also  contribute  to  this  discrepancy.  It  is  also  impor¬ 
tant  to  mention  that  a-synuclein,  which  is  primarily  a 
synaptic-associated  protein,  is  initially  produced  in  the 
cell  body  and  then  rapidly  transported  to  the  nerve  ter¬ 
minals  (Withers  et  al.,  1997).  Accordingly,  as  MPTP 
damages  terminals  first  and  most  severely  (Herkenham 
et  al.,  1991;  Jackson-Lewis  et  al.,  1995),  it  is  possible 
that  the  apparent  increased  content  of  ventral  midbrain 
a-synuclein  protein  and  number  of  SNpc  a-synuclein- 
positive  neurons  result  from  an  impaired  anterograde 
transport  of  the  protein  and  its  subsequent  accumulation 
at  the  site  of  synthesis.  Although  this  possibility  cannot 
be  excluded  with  certainty,  the  observation  that  levels  of 
a-synuclein  mRNA  are  also  increased  rather  supports  the 
view  that  following  MPTP  administration  a-synuclein  is 


up-regulated  and  not  solely  accumulated  in  the  cell  bod¬ 
ies  of  SNpc  dopaminergic  neurons. 

Altogether  our  data  raise  the  possibility  that 
a-synuclein  up-regulation,  which  occurs  in  the  specific 
context  of  MPTP-induced  apoptotic  death  in  SNpc  do¬ 
paminergic  neurons,  contributes  to  the  cascade  of  dele¬ 
terious  events  that  ultimately  kill  these  cells.  For  in¬ 
stance,  in  light  of  the  synaptic  location  of  a-synuclein,  it 
may  be  envisioned  that  its  up-regulation  may  affect  the 
normal  synaptic  machinery,  which,  in  turn,  may  disturb 
the  trophic  support  of  SNpc  dopaminergic  neurons  orig¬ 
inating  from  the  striatum.  This  hypothesis  is  of  particular 
relevance  to  apoptosis  because,  in  many  settings,  depri¬ 
vation  of  the  target-derived  trophic  support  triggers  a 
massive  apoptotic  death  among  the  projecting  neurons 
(Burke  and  Kholodilov,  1998).  By  using  a  two-hybrid 
system,  it  has  been  demonstrated  that  a-synuclein  can 
bind  to  intracellular  proteins  (Engelender  et  al.,  1999). 
Although,  among  those,  none  seemed  to  belong  to  the 
large  family  of  apoptotic-related  proteins,  it  remains 
plausible  that  up-regulation  of  a-synuclein  may  alter  the 
normal  intracellular  trafficking  of  certain  proteins  that, 
like  many  of  the  Bcl-2  family  members,  depend  on  being 
at  a  specific  intracellular  location  to  exert  their  regulatory 
effects  on  apoptosis  (Merry  and  Korsmeyer,  1997). 
There  is  also  compelling  evidence  to  indicate  that 
a-synuclein  has  a  significant  propensity  to  aggregate, 
and  that  this  property  can  be  enhanced  by  the  familial 
PD-linked  mutations  or  by  posttranslational  modifica¬ 
tions,  such  as  produced  by  oxidative  stress  (Conway 
et  al.,  1998;  El-Agnaf  et  al.,  1998;  Giasson  et  al.,  1999; 
Hashimoto  et  al.,  1999;  Narhi  et  al.,  1999).  Relevant  to 
this  is  the  fact  that  a-synuclein  is  present  in  high 
amounts  in  the  intraneuronal  inclusion  LB,  which  is 
regarded  by  some  as  a  key  factor  in  the  demise  of  SNpc 
dopaminergic  neurons  in  PD  (Spillantini  et  al.,  1997, 
1998).  In  the  MPTP  mouse  model,  we  failed  to  identify 
any  evidence  supporting  the  formation  of  intraneuronal 
inclusions  in  SNpc  dopaminergic  neurons,  whether  they 
were  a-synuclein-immunoreactive  or  not.  This  rules  out 
the  possibility  that  a-synuclein  up-regulation,  should  it 
play  a  role  in  the  MPTP-induced  neurotoxic  process, 
does  so  through  the  formation  of  LB-like  inclusions. 
However,  except  for  old-aged  monkeys  (Fomo  et  al., 
1988),  it  is  known  that  MPTP  does  not  stimulate  the 
formation  of  LB-like  inclusions,  and  thus  the  MPTP 
model  may  not  be  suitable  to  study  the  role  of 
a-synuclein  aggregation  in  the  SNpc  dopaminergic  neu- 
rodegenerative  process.  Arguing  against  a  role  of 
a-synuclein  up-regulation  in  the  MPTP  neurotoxic  pro¬ 
cess  is  the  fact  that  although  we  found  a  close  regional 
and  temporal  relationship  between  a-synuclein  up-regu¬ 
lation  and  induced  neuronal  death,  we  did  not  find  any 
definite  association  at  a  cellular  level  between 
a-synuclein  protein  expression  and  morphological  fea¬ 
tures  of  apoptosis:  chromatin  clumps,  as  evidenced  by 
thionin  or  fluorescent  DNA  dyes  (Clarke  and  Oppen- 
heim,  1995;  Suzuki  et  al.,  1997),  could  not  be  unequiv¬ 
ocally  colocalized  with  a-synuclein  immunoreactivity  in 
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neurons.  We  cannot  exclude,  however,  that  at  this  ad¬ 
vanced  stage  of  cellular  injury,  there  is  not  a  loss  of 
immunoreactivity,  which  may  account  for  the  difficulty 
in  colocalizing  apoptotic  features  with  a-synuclein  im- 
munostaining.  For  example,  it  is  notorious  that  only  a 
small  fraction  of  the  SNpc  apoptotic  neurons  seen  during 
normal  development  retain  their  TH  immunoreactivity 
(Oo  and  Burke,  1997).  It  should  also  be  mentioned  that 
apoptotic  profiles  found  in  a  brain  section  at  any  given 
time  following  the  chronic  MPTP  regimen  are  few  in 
number  and  that  apoptotic  cells  undergo  a  rapid  turnover 
estimated  at  only  a  few  hours  (Oppenheim,  1991),  mak¬ 
ing  the  likelihood  of  identifying  both  apoptotic  features 
and  a-synuclein  immunoreactivity  within  the  same  neu¬ 
ron  quite  low. 

As  mentioned  above,  a  main  target  of  MPTP  toxicity 
is  the  dopaminergic  nerve  terminals  of  the  striatum 
(Herkenham  et  al,  1991;  Jackson-Lewis  et  al.,  1995). 
Therefore,  one  may  speculate  that  our  results,  rather  than 
being  the  expression  of  a  death  process,  can  represent  the 
expression  of  a  synaptic  plasticity  response.  Supporting 
this  view  is  the  observation  that  the  avian  a-synuclein 
homologue  synelfin  is  specifically  up-regulated  during 
early  stages  of  song  learning  in  zebra  finch,  suggesting  a 
role  for  the  synuclein  family  in  shaping  up  the  synaptic 
network  (George  et  al.,  1995).  Furthermore,  a-synuclein 
up-regulation  in  the  substantia  nigra  during  postnatal 
development  in  rats  coincides  with  the  time  of  maximal 
synaptogenic  activity  (Burke  and  Kholodilov,  1998); 
similar  observations  have  been  reported  at  the  level  of 
the  hippocampus  and  cerebral  cortex  (Petersen  et  al., 
1999).  Conversely,  we  may  argue  against  this  plasticity 
hypothesis  by  emphasizing  the  fact  that,  in  this  case,  we 
would  have  expected  to  see  similar  a-synuclein  changes 
after  the  acute  and  chronic  MPTP  regimens,  and  not  only 
in  the  levels  of  a-synuclein,  but  also  in  the  levels  of  other 
synaptic  proteins,  such  as  synaptophysin. 

Most  of  the  a-synuclein-positive  neurons  had  a 
healthy  morphological  appearance  following  MPTP  ad¬ 
ministration.  This  observation  may  suggest  a  third  pos¬ 
sibility  for  a-synuclein  up-regulation,  that  is,  it  repre¬ 
sents  a  cellular  attempt  to  survive  MPTP  injury.  Consis¬ 
tent  with  this  is  the  observation  that  a-synuclein  up- 
regulation  also  seemed  to  involve  surviving  SNpc 
neurons  in  the  model  of  programmed  cell  death  induced 
by  developmental  striatal  target  lesion  in  rats  (Burke  and 
Kholodilov,  1998).  In  the  context  of  Alzheimer’s  dis¬ 
ease,  it  has  been  reported  that  surviving  synapses  in 
Alzheimer’s  brains  contain  a  higher  concentration  of 
a-synuclein  compared  with  controls  (Masliah  et  al., 
1996).  Also  relevant  to  the  speculated  beneficial  role  of 
a-synuclein  up-regulation  are  the  observations  that 
a-synuclein  is  a  potent  inhibitor  of  phospholipase  D2 
(Jenco  et  al.,  1998)  and  that,  by  nullification  of  phospho¬ 
lipase  A2,  which  is  a  closely  related  member  of  this 
family,  mice  become  resistant  to  MPTP  (Klivenyi  et  al., 
1998). 

In  summary,  this  study  reports  on  alterations  of 
a-synuclein  expression  in  the  MPTP  mouse  model  of  PD 


and  its  relationship  to  the  mode  of  neuronal  death,  as 
well  as  the  time  course  and  the  regional  specificity  of 
these  changes.  These  data  provide  valuable  descriptive 
information  regarding  a-synuclein  in  both  the  normal 
and  the  injured  dopaminergic  nigrostriatal  pathway.  In 
addition,  the  observed  changes  in  a-synuclein  expres¬ 
sion,  whether  they  are  part  of  a  death  or,  on  the  contrary, 
of  a  surviving  response,  bring  to  light  significant  alter¬ 
ations  within  the  SNpc  neurons  that  could  be  targeted  for 
the  development  of  new  neuroprotective  therapies 
for  PD. 
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SUMMARY 

MPTP  causes  damage  to  substantia  nigra  pars  compacta  (SNpc)  dopaminergic 
(DA)  neurons  as  seen  in  Parkinson’s  disease  (PD),  After  systemic  administration  of 
MPTP,  its  active  metabolite,  MPP+,  accumulates  within  SNpc  DA  neurons,  where  it 
inhibits  ATP  production  and  stimulates  superoxide  radical  formation.  The  produced 
superoxide  radicals  react  with  nitric  oxide  (NO)  to  form  peroxynitrite,  a  highly  reac¬ 
tive  tissue-damaging  species  that  damages  proteins  by  oxidation  and  nitration.  Only 
selected  proteins  appear  nitrated  and  among  these,  is  found  tyrosine  hydroxylase 
(TH),  the  rate  limiting  enzyme  in  DA  synthesis.  The  process  of  nitration  inactivates 
TH  and  consequently  DA  production.  Peroxynitrite  also  nicks  DNA,  which,  in  turn, 
activates  poly(ADP-ribose)  polymerase  (PARP).  PAR P  activation  consumes  ATP, 
and  thus  acutely  depletes  the  cell  energy  stores.  This  latter  event  aggravates  the  pre¬ 
existing  energy  failure  due  to  MPP+-indueed  mitochondrial  respiration  blockade  and 
precipitates  cell  death.  Altogether,  these  findings  support  the  view  that  MPTP’s  dele¬ 
terious  cascade  of  events  include  mitochondrial  respiration  deficit,  oxidative  stress, 
and  energy  failure.  Because  of  the  similarity  between  the  MPTP  mouse  model  and 
PD,  it  is  tempting  to  propose  that  a  similar  scenario  applies  to  the  pathogenesis  of 
PD. 


INTRODUCTION 

Parkinson’s  disease  (PD)  is  a  common  neurodegenerative  disorder  of  unknown 
cause  whose  cardinal  clinical  features  include  shaking,  stiffness,  and  slowness  of  move¬ 
ment.  Most,  if  not  all,  of  these  disabling  clinical  abnormalities  are  attributed  to  a 
profound  decrease  in  dopamine  in  the  striatum  which  results  from  the  dramatic  loss 
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of  dopaminergic  neurons  in  the  substantia  nigra  pars  compacts  (SNpc)  (Fahn,  1988). 
The  prevalence  of  PD  has  been  estimated  at  1,000,000  in  North  America  with 
~  50,000  newly  affected  individuals  each  year.  Thus  far,  the  most  potent  treat¬ 
ment  for  PD  remains  the  administration  of  a  precursor  of  dopamine,  L-DOPA,  which, 
by  replenishing  the  brain  with  dopamine,  alleviates  PD  symptoms.  However,  the 
chronic  administration  of  l-DOPA  often  causes  motor  and  psychiatric  side  effects, 
which  may  be  as  debilitating  as  PD  itself  (Kostic  et  ah,  1991).  Furthermore,  there  is 
no  supportive  evidence  that  l-DOPA  therapy  impedes  the  progressive  death  of  SNpc 
dopaminergic  neurons.  Therefore,  without  undermining  the  importance  of  l-DOPA 
therapy  in  PD,  it  remains  essential  to  elucidate  the  cascade  of  events  that  underlie 
PD's  neurodegenerative  process.  To  this  end  and  in  light  of  the  rarity  of  available 
post-mortem  brain  samples  from  PD  patients,  many  investigators,  including  our¬ 
selves,  have  focused  their  research  efforts  on  experimental  models  of  PD  such  as  the 
one  produced  by  the  parkinsonian  toxin  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP). 

MPTP  —  A  MODEL  OF  PARKINSON’S  DISEASE 

The  fact  that  MPTP  causes  a  parkinsonian  syndrome  was  discovered  in  1982 
when  a  group  of  drug  addicts  in  California  were  rushed  to  the  emergency  room  with  a 
severe  bradykinetic  and  rigid  syndrome  (Langston  et  ah,  1983).  Subsequently,  thanks 
to  some  fine  detective  work,  it  was  discovered  that  this  syndrome  was  induced  by  the 
self-administration  of  street  batches  of  a  synthetic  heroin  analogue  whose  synthesis 
had  been  heavily  contaminated  by  a  by-product,  MPTP  (Langston  and  Irwin,  1986). 
In  the  period  of  a  few  days  following  the  administration  of  MPTP,  these  patients 
exhibited  a  severe  and  irreversible  akinetic  rigid  syndrome.  The  analogy  to  PD  was 
rapidly  made  by  Dr.  Langston  and  his  group,  and  levodopa  was  tried  with  great 
success,  relieving  the  symptoms  of  these  unfortunate  patients. 

Since  the  discovery  that  MPTP  causes  parkinsonism  in  human  and  non-human 
primates  as  well  as  in  various  other  mammalian  species,  this  neurotoxin  has  been 
used  extensively  as  a  model  of  PD  (Heikklla  et  ah,  1989;  Kopin  and  Markey,  1988; 
Langston  and  Irwin,  1986),  In  human  and  non-human  primates,  MPTP  produces 
an  irreversible  and  severe  parkinsonian  syndrome  that  replicates  almost  all  of  the 
features  of  PD  including  tremor,  rigidity,  slowness  of  movement,  postural  instability , 
and  even  gait  freezing.  The  responses  as  well  as  the  complications  to  traditional  anti¬ 
parkinsonian  therapies  are  virtually  identical  to  those  seen  in  PD.  However,  while 
in  PD  it  is  believed  that  the  neurodegenerative  process  occurs  over  several  years, 
MPTP  produces  a  clinical  condition  consistent  with  aend-stage  PD”  in  a  few  days 
(Langston,  1987).  Except  for  a  single  case  (Davis  et  ah,  1979),  no  human  patholog¬ 
ical  material  has  been  available.  Thus,  the  comparison  between  PD  and  the  MPTP 
model  is  largely  limited  to  primates  (Forno  et  ah,  1993).  From  neuropathological 
data,  MPTP  administration  causes  damage  to  the  dopaminergic  pathways  identical 
to  that  seen  in  PD  (Agid  et  ah,  1987)  with  a  resemblance  that  goes  beyond  the  de¬ 
generation  of  SNpc  dopaminergic  neurons.  Like  PD,  MPTP  causes  a  greater  loss  of 
dopaminergic  neurons  in  the  SNpc  than  in  the  ventral  tegmental  area  (Muthane  et 
al.,  1994;  Seniuk  et  ah,  1990)  and  a  greater  degeneration  of  dopaminergic  nerve  ter¬ 
minals  in  the  putamen  than  in  the  caudate  nucleus  (Moratalla  et  a!.,  1992).  On  the 
other  hand,  two  typical  neuropathologic  features  of  PD  have,  until  now,  been  lacking 
in  the  MPTP  model.  First,  except  for  the  SNpc,  the  other  pigmented  nuclei  such  as 
the  locus  coeruleus  have  been  spared  according  to  most  published  reports.  Second, 
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the  eosinophilic  intraneuronal  inclusions,  called  Lewy  bodies,  so  characteristic  of  PD, 
have  thus  far  not  been  convincingly  observed  in  MPTP-induced  parkinsonism  (Forno 
et  aL,  1993).  Also  worth  noting  is  the  fact  that  post-mortem  brain  samples  from 
PD  patients  (DiMauro,  1993)  show  a  selective  defect  in  the  same  mitochondrial  elec¬ 
tron  transport  chain  complex  that  is  affected  by  MPTP  (Gluck  et  aL,  1994;  Nicklas 
et  aL,  1987).  Abnormalities  in  parameters  of  oxidative  stress  in  post-mortem  PD 
brain  tissue  suggest  that  this  disease  is  caused  by  an  overproduction  of  free  radicals 
(Przedborski  and  Jackson-Lewis,  1998),  the  same  highly  reactive  tissue  damaging 
species  that  are  suspected  of  being  involved  in  MPTP-induced  dopaminergic  toxicity 
in  vivo  (Hantraye  et  aL,  1996;  Przedborski  et  aL,  1992;  Schulz  et  aL,  1995).  However, 
despite  this  impressive  resemblance  between  PD  and  the  MPTP  model,  MPTP  has 
never  been  recovered  from  post-mortem  brain  samples  or  body  fluids  of  PD  patients. 
Altogether,  these  findings  are  consistent  with  MPTP  not  causing  PD,  but  being  an 
excellent  experimental  model  of  PD.  Accordingly,  it  can  be  speculated  that  eluci¬ 
dating  of  molecular  mechanisms,  MPTP,  should  lead  to  important  insights  into  the 
pathogenesis  and  treatment  of  PD. 


MODE  OF  ACTION  OF  MPTP 

The  metabolism  of  MPTP  is  a  complex,  multistep  process  (Przedborski  and 
Jackson-Lewis,  1998).  After  its  systemic  administration,  MPTP,  which  is  highly 
lypophilic,  rapidly  crosses  the  blood-brain  barrier.  Once  in  the  brain,  the  pro-toxin 
MPTP  is  metabolized  to  l-methyl-4-phenyl-2,3-dihydropyridinium  (MPDP+)  by  the 
enzyme  monoamine  oxidase  B  (MAO-B)  within  non-dopaminergic  cells,  and  then 
(probably  by  spontaneous  oxidation)  to  l-methyl-4-phenylpyridinium  (MPP+),  the 
active  toxic  compound.  Thereafter,  MPP+  is  released  (by  an  unknown  mechanism) 
in  the  extracellular  space.  Brain  inflow  of  MPTP  together  with  its  transformation 
into  MPP+  determine  the  amount  of  MPP+  available  to  enter  dopaminergic  neurons. 
The  next  important  step  in  the  MPTP  neurotoxic  pathway  is  the  mandatory  entry 
of  MPP+  into  dopaminergic  neurons.  Since  MPP+  is  a  polar  molecule,  unlike  its 
precursor  MPTP,  it  cannot  freely  enter  cells,  but  depends  on  the  plasma  membrane 
carriers  to  gain  access  to  DA  neurons.  MPP+  has  a  high  affinity  for  plasma  membrane 
dopamine  transporter  (DAT)  (Mayer  et  aL,  1986),  as  well  as  for  norepinephrine  and 
serotonin  transporters.  The  obligatory  character  of  this  step  in  the  MPTP  neurotoxic 
process  is  demonstrated  by  the  fact  that  blockade  of  DAT  by  specific  antagonists  such 
as  mazindol  (Javitch  et  aL,  1985)  or  ablation  of  DAT  gene  in  mutant  mice  (Bezard  et 
aL,  1999)  completely  prevents  MPTP-induced  toxicity.  Conversely,  transgenic  mice 
with  increased  brain  DAT  expression  are  more  sensitive  to  MPTP  (Donovan  et  aL, 
1999). 

Once  inside  dopaminergic  neurons,  MPP+  can  follow  at  least  three  routes:  (i) 
it  can  bind  to  the  vesicular  monoamine  transporters  (VMAT)  which  will  translocate 
MPP+  into  synaptosomal  vesicles  (Liu  et  al.,  1992),  (ii)  it  can  be  concentrated  by  an 
active  process  within  the  mitochondria  (Ramsay  and  Singer,  1986),  and  (iii)  it  can  re¬ 
main  in  the  cytosol  and  interact  with  different  enzymes  (Kiaidman  et  aL,  1993).  The 
fraction  of  MPP+  destined  to  each  of  these  routes,  is  probably  a  function  of  MPP+  in¬ 
tracellular  concentration  and  affinity  for  VMAT,  mitochondria  carriers,  and  cytosolic 
enzymes.  The  importance  of  the  vesicular  sequestration  of  MPP+  is  demonstrated  by 
the  fact  that  cells  transfected  to  express  greater  density  of  VMAT  are  converted  from 
MPP+-sensitive  to  MPP+-resistant  cells  (Liu  et  al.,  1992).  Conversely,  we  demon¬ 
strated  that  mutant  mice  with  50%  lower  VMAT  expression  are  significantly  more 
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sensitive  to  MPTP-induced  dopaminergic  neurotoxicity  compared  to  their  wild-type 
littermates  (Takahashi  et  al.,  1997).  Altogether,  these  findings  indicate  that  there  is 
a  clear  inverse  relationship  between  the  capacity  of  MPP+  sequestration  (i.e.,  VMAT 
density)  and  the  magnitude  of  MPTP  neurotoxicity. 

Inside  dopaminergic  neurons,  MPP"*"  can  also  be  concentrated  by  an  active  pro¬ 
cess  within  the  mitochondria  (Ramsay  and  Singer,  1986),  where  it  impairs  mitochon¬ 
drial  respiration  by  inhibiting  complex  I  of  the  electron  transport  chain  (Mizuno  et 
ah,  1987;  Nicklas  et  ah,  1985)  through  its  binding  at  or  near  the  same  site  as  the 
mitochondrial  poison  rotenone  (Higgins,  Jr.  and  Greenamyre,  1996;  Ramsay  et  al., 
1991).  The  inhibition  of  complex  I  impedes  the  flow  of  electrons  along  the  mito¬ 
chondrial  electron  transport  chain,  leading  to  a  deficit  in  ATP  formation.  It  appears, 
however,  that  complex  I  activity  should  be  reduced  >  70%  to  cause  severe  ATP  deple¬ 
tion  (Davey  and  Clark,  1996)  and  that,  in  contrast  to  in  vitro ,  in  vivo  MPTP  causes 
only  a  transient  20%  reduction  in  mouse  striatal  and  midbrain  ATP  levels  (Chan  et 
al.,  1991).  These  findings  raise  the  question  as  to  whether  MPP+-related  ATP  deficit 
can  be  the  sole  factor  underlying  MPTP-induced  dopaminergic  neuronal  death.  An¬ 
other  consequence  of  complex  I  inhibition  by  MPP~*"  is  an  increased  production  of 
free  radicals,  especially  of  superoxide  (Cleeter  et  al.,  1992;  Hasegawa  et  al.,  1990; 
Rossetti  et  al.,  1988).  From  the  above-mentioned  findings,  it  may  be  speculated  that 
the  initiation  of  MPP+’s  deleterious  cascade  of  events  may  result  from  energy  fail¬ 
ure  and  oxidative  stress,  which  individually  may  not  be  sufficient  to  kill  cells,  but  in 
combination  may  well  be  lethal.  A  similar  scenario  of  interplay  among  mitochondrial 
dysfunction,  energy  failure,  and  oxidative  stress  has  been  postulated  for  PD  (Beal, 
1995). 

The  importance  of  MPP+-related  superoxide  production  in  dopaminergic  toxic¬ 
ity  process  in  vivo  is  demonstrated  by  the  fact  that  transgenic  mice  with  increased 
brain  activity  of  copper/zinc  superoxide  dismutase  (SOD1)  are  significantly  more  re¬ 
sistant  to  MPTP-induced  dopaminergic  toxicity  than  their  non-transgenic  littermates 
(Przedborski  et  al.,  1992).  This  finding  strongly  suggests  that  superoxide  radical  plays 
a  pivotal  role  in  the  MPTP  neurotoxic  process.  However,  superoxide  is  poorly  reac¬ 
tive,  and  it  is  the  general  consensus  that  this  radical  does  not  cause  serious  direct 
injury  (Halliwell  and  Gutteridge,  1991).  Instead,  superoxide  is  believed  to  exert  many 
or  most  of  Its  toxic  effects  through  the  generation  of  other  reactive  species  such  as 
hydroxyl  radical,  whose  oxidative  properties  can  ultimately  kill  cells  (Halliwell  and 
Gutteridge,  1991).  For  instance,  superoxide  facilitates  hydroxyl  radical  production  by 
hydrogen  peroxide  and  transitional  metals  such  as  iron  (i.e.,  Fenton  reaction)  (Halli¬ 
well  and  Gutteridge,  1991).  Although  this  reaction  can  readily  take  place  in  vitro ,  its 
occurrence  in  vivo  is  subordinate  to  such  factors  as  low  pH  (Liochev  and  Fridovich, 
1994).  Despite  this  unfavorable  pH  constraint,  MPTP  does  stimulate  the  formation 
of  hydroxyl  radicals  in  vivo,  as  evidenced  by  the  increase  in  the  hydroxyl  radical- 
dependent  conversion  of  salicylate  into  2,3-  and  2,5-dihydroxy-benzoates  (Schulz  et 
al.,  1995). 

Superoxide  can  also  react  with  NO  to  form  peroxynitrite,  another  potent  oxidant 
(Beckman  et  al.,  1990).  At  physiological  pH  and  in  aqueous  milieu,  this  reaction 
proceeds  five  times  faster  than  the  decomposition  of  superoxide  by  SOD  (Huie  and 
Padmaja,  1993).  The  intracellular  concentration  of  SOD1  is  estimated  at  10-40pM 
(Wink  et  al.,  1996).  Thus,  NO  concentration  has  to  be  »  10  pM  for  peroxynitrite 
formation  to  be  competitive,  which  is  not  unrealistic  as  NO  production  at  the  cellular 
level  is  estimated  at  1  -  10  pM  (Beckman  et  al.,  1990).  The  situation  is  different, 
however,  for  superoxide,  whose  basal  intracellular  concentration  is  low  (Beckman  et 
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al.,  1994).  Thus,  under  normal  conditions,  superoxide  is  limiting,  and  it  is  likely 
that  minimal  peroxynitrite  formation  occurs.  Conversely,  in  pathological  conditions, 
should  superoxide  concentrations  increase,  as  in  response  to  MPTP  administration* 
formation  of  appreciable  amounts  of  peroxynitrite  is  expected.  In  light  of  this  and 
of  our  previous  work  on  superoxide  (Przedborski  et  al.,  1992),  we  (Przedborski  et 
al.,  1996)  and  others  (Hantraye  et  al.,  1996;  Schulz  et  al.,  1995)  have  assessed  the 
role  of  NO  in  the  MPTP  neurotoxic  process.  These  studies  show  that  inhibition  of 
NOS  attenuates,  in  a  dose-dependent  fashion,  MPTP-induced  striatal  dopaminergic 
loss  in  mice  (Przedborski  et  al.,  1996;  Schulz  et  al.,  1995).  We  also  demonstrate  that 
7-nitroind azole  (7-NI),  a  compound  that  inhibits  NOS  activity  without  significant 
cardiovascular  effects  in  mice  (Moore  et  ah,  1993),  is  profoundly  neuroprotective 
against  MPTP-induced  SNpc  dopaminergic  neuronal  death  (Przedborski  et  al.,  1996). 
The  protective  effect  of  the  NOS  antagonist  7-NI  against  MPTP-induced  striatal  and 
SNpc  dopaminergic  damage  was  subsequently  demonstrated  in  monkeys  (Hantrave 
et  al.,  1996).  J 


MPTP  PROPOSED  MECHANISM  OP  ACTION 

Prom  the  above  findings,  the  following  scheme  can  be  proposed  to  explain  both 
selectivity  and  dopaminergic  toxicity:  MPTP  is  converted  to  MPP+  which  is  trans¬ 
ported  into  dopaminergic  neurons  via  the  dopamine  transporter.  MPP+  inhibits 
enzymes  in  the  mitochondrial  electron  transport  chain,  resulting  in  ATP  deficit  and 
increased  leakage’  of  superoxide  from  the  respiratory  chain.  Superoxide  cannot  read¬ 
ily  transverse  cellular  membranes  and  so  remains  in  the  cell  and  organelle  in  which  it 
is  produced.  In  contrast,  NO  is  membrane-permeable  and  diffuses  into  neighboring 
neurons.  If  the  neighboring  cell  has  elevated  levels  of  superoxide,  then  there  is  an 
increased  probability  of  superoxide  reacting  with  NO  to  form  peroxynitrite,  which  is 
highly  reactive,  damaging  lipids,  proteins,  and  DNA.  In  this  scheme,  it  is  the  site  of 
generation  of  superoxide  which  determines  whether  a  cell  will  succumb  to  NO-  and 
peroxynitrite-mediated  deleterious  effects.  Since  dopaminergic  neurons  selectively  ac¬ 
cumulate  MPP+,  which  in  turn  stimulates  superoxide  production,  these  neurons  are 
selectively  at  risk. 


SOURCE  OF  NO  AND  NO  SYNTHASE 

As  summarized  above,  there  is  strong  evidence  that  NO  participates  in  the  MPTP 
neurotoxic  process.  Because  MPTP  selectively  kills  dopaminergic  neurons,  it  is  ex¬ 
pected  that  the  deleterious  cascade  of  events  that  underlie  the  neurodegeneration 
takes  place  inside  dopaminergic  neurons.  There  are  experimental  arguments  to  Indi¬ 
cate  that  superoxide  concentration  is,  indeed,  increased  inside  dopaminergic  neurons 
by  MPP+.  However,  NO  is  produced  by  NOS  which,  thus  far,  has  not  been  iden¬ 
tified  inside  dopaminergic  neurons  in  rodents;  although  this  needs  to  be  confirmed, 
low  levels  of  NOS  might  be  present  in  dopaminergic  neurons  in  humans  (Bredt  et 
ah,  1991).  In  contrast  to  their  lack  of  NOS,  at  least  in  rodents,  dopaminergic  struc¬ 
tures  are  surrounded  by  NOS-containing  fibers  and  cell  bodies  in  the  striatum,  and, 
to  a  lesser  extent,  in  the  SNpc  (Bredt  et  al.,  1991;  Leonard  et  al.,  1995).  Because 
NO  is  uncharged  and  lypophilic  (Lancaster,  1996),  it  is  able  to  travel  away  from  its 
site  of  synthesis  and  inflict  remote  cellular  damage  without  the  need  for  any  export 
mechanisms.  It  is  suggested  that  NO,  which  is  highly  diffusible,  can  travel  in  random 
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directions  up  to  150  -  300  pm  during  the  5  -  15  sec  that  correspond  to  its  estimated 
half-life  in  physiological  and  in  aqueous  conditions  (Lancaster,  1996).  Although  this 
modeling  may  depart  from  the  actual  in  vivo  situation  encountered  by  a  molecule  of 
NO,  it  gives  credence  to  the  hypothesis  that  NO  can  cover  a  distance  several  times 
greater  than  the  diameter  of  a  cell.  We  are  thus  speculating  that  the  NO  produc¬ 
tion  involved  in  MPTP  toxicity  takes  place  in  non-dopaminergic  cells  present  in  the 
vicinity  of  dopaminergic  structures. 

Another  question  pertinent  to  the  origin  of  NO  in  the  MPTP  model  is  which 
isoforms  of  NOS  are  primarily  involved  in  this  process?  Nitric  oxide  is  formed  from 
arginine  by  NOS  which  oxidizes  the  guanidino  nitrogen  of  arginine,  releasing  NO  and 
citrulline.  To  date,  three  distinct  NOS  isoenzymes  have  been  purified  and  molecularly 
cloned:  neuronal  NOS  (nNOS,  NOS  I),  inducible  NOS  (iNOS,  NOS  II),  and  endothe¬ 
lial  NOS  (eNOS,  NOS  III).  Since  all  three  isoforms  of  NOS  have  been  identified  in  the 
brain,  each  of  these  can  individually  or  in  combination  be  involved  in  the  production 
of  NO  used  in  MPTP  neurotoxic  process. 


NO  SYNTHASE  ISOFORMS 

Neuronal  NOS  is  the  predominant  isoform  of  NOS  in  the  brain.  Its  catalytic 
activity  and  protein  is  identifiable  throughout  the  brain  (Bredt  et  ah,  1991;  Huang 
et  al.,  1993).  Relevant  to  MPTP,  nNOS  is  present  in  high  density  in  the  striatum 
within  intrinsic  medium-sized  neurons  co-localizing  somatostatin  and  neuropeptide  Y 
(Dawson  and  Dawson,  1996).  In  the  midbrain,  nNOS  is  found  in  cholinergic  neurons 
and  within  serotoninergic  fibers  (Dawson  and  Dawson,  1996;  Leonard  et  al.,  1995). 
Thus,  both  by  its  abundance  and  its  localization,  nNOS  appears  to  be  an  excellent 
candidate  for  producing  NO  for  MPTP.  In  agreement  with  this  is  our  demonstration 
that  mutant  mice  deficient  in  nNOS  are  partially  protected  against  MPTP-induced 
striatal  dopaminergic  toxicity  (Przedborski  et  al.,  1996).  The  finding  that  mice  are 
better  protected  by  the  NOS  antagonist  7-NI  than  by  lacking  nNOS  expression  sug¬ 
gests  that  nNOS  is  important,  but  may  not  be  the  sole  isoform  of  NOS  involved  in 
this  process.  Can  it  be  iNOS? 

In  the  normal  brain,  iNOS  is  not  detectable  (Lowenstein  et  al.,  1992)  or  is  mini¬ 
mally  expressed  (Keilhoff  et  al.,  1996).  However,  under  pathological  conditions,  iNOS 
expression  can  significantly  increase  in  activated  astrocytes  as  well  as  in  other  cells 
such  as  microglia  (Simmons  and  Murphy,  1992),  invading  macrophages.  This  was 
shown  in  the  brain  after  kainic  acid  lesion  (Wallace  and  Fredens,  1992),  ischemic 
damage  (Nakashima  et  al.,  1995),  or  stab  wound  (Simmons  and  Murphy,  1992).  A 
similar  scenario  may  exist  in  the  MPTP  model.  Indeed,  from  our  recent  data  it  ap¬ 
pears  that  early  in  the  course  of  MPTP-induced  dopaminergic  neuron  degeneration 
there  is  an  increase  in  midbrain  iNOS  activity  within  the  strong  astrocytic  and  mi¬ 
croglial  reaction  that  occurs  in  the  SNpc  following  MPTP  administration.  This  recent 
study  also  shows  that  changes  in  iNOS  activity  are  already  substantial  24  hr  after 
MPTP  administration,  which  precedes  the  peak  of  dopaminergic  neurodegeneration 
(Jackson-Lewis  et  al.,  1995).  Therefore,  NO  derived  from  iNOS  is  likely  minimal  in 
normal  brains,  but  may  become  increasingly  substantial  as  MPTP-induced  dopamin¬ 
ergic  neurodegeneration  progresses.  Accordingly,  iNOS  may  not  play  a  significant 
role  in  the  initiation  of  the  MPTP  toxic  process,  but  may  amplify  it  and  assure  its 
propagation  by  fueling  dopaminergic  neurons  with  increasing  amounts  of  NO. 
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SUPEROXIDE  AND  NITRIC  OXIDE 

Superoxide  is  produced  by  many  biological  reactions,  and  especially  by  mito¬ 
chondrial  respiration  (Halliwell  and  Gutteridge,  1991).  It  can  be  engaged  in  numer¬ 
ous  reactions  including  direct  oxidation  of  biological  molecules  (e.g.,  cathechols)  and 
production  of  hydroxyl  radicals.  Similarly,  NO  exerts  many  biological  effects  that 
can  be  defined  as  direct  (i.e.,  resulting  from  the  reactions  between  NO  and  specific 
biological  molecules)  and  indirect  (i.e.,  resulting  from  the  reactions  between  reactive 
nitric  oxide  species  [ENOS],  which  are  derived  from  NO  oxidation,  and  specific  bi¬ 
ological  targets)  (Wink  et  al.,  1996).  Most,  if  not  all,  of  NO’s  direct  effects  appear 
to  be  related  to  biological  regulatory  effects,  and  not  to  neurotoxicity  (Wink  et  al., 
1996);  although  NO  can  directly  affect  mitochondrial  respiration  in  vitro  (Bolanos 
et  al.,  1997),  the  deleterious  consequence  of  this  effect  remains  to  be  determined  in 
vivo. ^Conversely,  NO’S  indirect  actions,  which  are  mediated  by  RNOS  such  as  nitrite 
(N02),  nitrate  (NOj),  and  peroxynitrite  and  its  protonated  derivative,  peroxyni- 
trous  acid  (N2O3H),  are  unquestionably  deleterious  (Wink  et  al.,  1996);  in  aqueous 
conditions,  RNOS  such  as  NO+  and  NO-  rapidly  react  with  water  and,  thus,  are 
unlikely  to  be  major  participants  in  noxious  reactions. 


PEROXYNITRITE  AND  NITROTYROSINE 

In  light  of  the  above,  it  appears  that,  since  they  are  weak  oxidants,  neither 
superoxide  nor  NO  is,  by  itself,  sufficiently  damaging  to  participate  directly  in  the 
MPTP  toxic  process.  In  contrast,  we  have  also  presented  above  different  arguments 
supporting  peroxynitrite  in  this  role.  The  versatility  of  peroxynitrite  as  an  oxidant 
is  impressive  (Beckman,  1994;  Uppu  et  al.,  1996).  For  instance,  an  important  aspect 
of  peroxynitrite  s  deleterious  action  is  the  oxidation  of  phenolic  rings  in  proteins, 
and  in  particular  of  tyrosine  residues  (Ohshima  et  al.,  1990),  to  form  nitrotyrosine 
as  the  most  important  product  (Van  der  Vliet  et  al.,  1996).  As  such,  detection  and 
quantification  of  nitrotyrosine  is  important  indirect  evidence  that  peroxynitrite  is 
involved  in  a  pathological  process.  Relevant  to  the  participation  of  peroxynitrite  in  the 
MPTP  model,  it  has  been  demonstrated  that  MPTP  significantly  increases  striatal 
levels  of  free  nitrotyrosine  in  mice  (Schulz  et  al.,  1995).  Although  this  finding 
provides  major  impetus  to  the  implication  of  peroxynitrite  in  the  MPTP  model, 
one  should  be  aware  that  the  relationship  between  free  and  protein  nitrotyrosine  is 
unknown,  and  the  physiopathologic  role,  if  any,  of  free  nitrotyrosine  remains  to  be 
determined. 

Aside  from  being  a  marker,  nitrotyrosine  can  be  a  harmful  modification  as  it  can 
inactivate  enzymes  and  receptors  that  depend  on  tyrosine  residues  for  their  activity 
(Ischiropoulos  et  al.,  1992;  Trotti  et  al.,  1996)  and  prevent  phosphorylation  of  tyrosine 
residues  important  for  signal  transduction  (Kong  et  al.,  1996;  Martin  et  al.,  1990). 
This  described  cascade  of  events  appears  quite  relevant  to  MPTP’s  mode  of  action 
as  we  have  demonstrated  that,  following  MPTP  administration  to  mice,  both  striatal 
and  midbrain  levels  of  nitrotyrosine  in  proteins  increase  in  a  time-dependent  fashion 
and  that  tyrosine  hydroxylase  (TH),  the  rate-limiting  enzyme  in  dopamine  synthesis, 
becomes  inactivated  by  tyrosine  nitration  (Ara  et  al.,  1998). 
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DNA  DAMAGE  AND  POLY(  ADP-RIBOSE)  POLYMERASE 

Thus  far,  the  lion  share  of  attention  has  been  on  the  effects  of  reactive  species 
produced  after  MPTP  administration  on  proteins.  However,  as  stated  above,  most  of 
the  reactive  species  that  may  be  implicated  in  the  MPTP  model,  like  peroxynitrite, 
can  damage,  through  oxidative  processes,  many  vital  cellular  elements  other  than  pro¬ 
teins  (Halliwell  and  Gutteridge,  1991).  Among  these,  DNA  is  of  unique  importance, 
because  it  is  the  repository  of  genetic  information  and  is  present  in  single  copies.  Oxi¬ 
dants  like  peroxynitrite  can  cause  a  range  of  DNA  damage  (Halliwell  and  Gutteridge, 
1991),  For  example,  DNA  exposed  to  peroxynitrite  produces  8-hydroxyguanine  and 
8-hydroxydeoxyguanosine;  two  modifications  whose  levels  seem  increased  in  midbrain 
of  post-mortem  PD  brains  compared  to  normal  controls  (Alam  et  ah,  1997;  Sanchez- 
Ramos  et  ah,  1994).  Because  peroxynitrite  can  nitrate  the  aromatic  group,  it  can 
also  stimulate  the  formation  of  8-nitrodeoxyguanosine  (Byun  et  ah,  1999).  Finally, 
intact  cells  exposed  to  peroxynitrite  exhibit  a  dose-dependent  increase  in  DNA  sin¬ 
gle  strand  breakage  (Szabo  et  ah,  1996),  which  is  another  important  type  of  DNA 
alteration.  In  light  of  the  proposed  oxidant  species  involved  in  MPTP  neurotoxicity, 
all  of  these  DNA  modifications  can  possibly  occur  in  this  model,  as  well  as  in  PD. 
However,  despite  the  potential  pathological  role  of  DNA  damage,  to  date  we  are  not 
aware  of  any  published  study  on  this  process  in  the  MPTP  model.  Nevertheless,  we 
have  preliminary  data  generated  in  collaboration  with  Dr.  M.F.  Chesselet  (Depart¬ 
ment  of  Neurology,  UCLA)  indicating  that  MPTP  does  indeed  cause  conspicuous 
DNA  damage  such  as  strand  breaks  in  SNpc  neurons  of  MPTP-treated  mice. 

Although  all  of  the  aforementioned  modifications  are  potentially  mutagenic  and 
thus  likely  harmful,  strand  break  is  especially  attractive  because  of  its  link  with  the 
enzyme  poly(ADP-ribose)  polymerase  (PARP).  Indeed,  DNA  single  strand  breakage 
is  an  obligatory  trigger  for  the  activation  of  PARP,  a  phenomenon  that  we  believe, 
for  the  reasons  that  follow,  to  be  a  major  factor  in  the  overall  MPTP-induced  cascade 
of  deleterious  events.  Thus  far,  the  actual  functions  of  PARP  remain  uncertain,  and 
data  obtained  with  cell-free  systems  and  cells  from  PARP  knockout  mice  suggest 
that,  contrary  to  the  common  belief,  PARP  would  not  have  direct  role  in  DNA  repair 
mechanisms  (Lindahl  et  al.t  1995;  Szabo,  1996). 

On  the  other  hand,  it  is  clear  that  the  activation  of  PARP  results  in  the  cleavage 
of  NAD+  into  ADP-ribose  and  nicotinamide,  both  in  vitro  and  in  vivo  (Lindahl  et 
aL,  1995;  Szabo,  1996).  In  turn,  PARP  covalently  attaches  ADP-ribose  to  diverse 
proteins,  including  nuclear  proteins,  histones,  and  PARP  itself.  PARP  then  extends 
the  Initial  ADP-ribose  groups  into  a  nucleic  acid  group-like  polymer,  poly(ADP- 
ribose).  It  Is,  therefore,  manifest  that  PARP  activation,  by  synthesizing  poly(ADP- 
ribose)  polymer,  can  rapidly  deplete  intracellular  stores  of  NAD+  which  may  impair 
glycolysis  and  mitochondrial  electron  transport  chain  activities,  and,  consequently, 
ATP  formation  (Lindahl  et  aL,  1995;  Szabo,  1996).  This  PARP-dependent  cascade 
of  events  could  play  a  critical  role  in  the  demise  of  the  SNpc  dopaminergic  neurons 
as  suggested  by  in  vitro  and  in  vivo  data  (Byun  et  aL,  1999;  Cosi  and  Marien,  1998; 
Zhang  et  aL,  1995).  This  scenario  may  be  even  more  significant  if,  as  in  the  case  of 
the  MPTP  model,  the  production  of  ATP  in  SNpc  dopaminergic  neurons  is  already 
compromised  due  to  the  inhibition  of  the  mitochondrial  complex  I  by  MPP+  (Chan 
et  aL,  1991).  In  favor  of  the  importance  of  PARP  activation  in  the  MPTP  neurotoxic 
process  in  vivo  is  our  demonstration  that  mutant  mice  deficient  in  PARP  are  more 
resistant  to  MPTP-induced  dopaminergic  neuronal  death  (Mandir  et  aL,  1999). 
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CONCLUSION 

The  current  understanding  of  the  MPTP  mode  of  action  proposes  that  MPP+ 
causes  oxidative  stress  mediated  by  superoxide  and  NO*  This  leads  to  damage  of  pro¬ 
teins,  lipids,  and  DNA,  all  contributing  to  major  cellular  dysfunctions.  In  addition, 
activation  of  reparative  DNA  enzymes,  which  consume  ATP,  aggravate  the  already 
reduced  pool  of  ATP  caused  by  the  action  of  MPP+  on  complex  I.  This  will  impair 
numerous  vital  cellular  reactions  that  are  ATP-dependent.  Subsequently,  oxidative 
stress-  and  energy  failure-related  damage  affect  the  cell's  ability  to  maintain  intra¬ 
cellular  potential.  Accordingly,  intracellular  potential  will  progressively  rise  until 
it  reaches  the  threshold  of  activation  of  glutamate  N-methyl-D-aspartate  ionophor- 
channel  and  consequently  triggers  an  excitotoxic  insult  {Turski  et  al.,  1991).  This 
suggests  that  MPTP-induced  cell  death  results  from  a  complex  interplay  among  mi¬ 
tochondrial  dysfunction,  oxidative  stress,  energy  failure,  and  excitotoxicity.  All  of 
these  key  players  will  contribute  to  the  impaired  function  of  the  cell  until  it  comes 
incompatible  with  life,  and  thus  the  cell  dies  by  necrosis  (Jaekson-Lewis  et  al.,  1995), 
if  the  injury  is  so  severe  that  no  cellular  function  is  preserved,  or  by  apoptosis  (Tatton 
and  Kish,  1997),  if  the  injury  is  less  severe  and  some  cellular  function  is  preserved. 
Because  of  the  close  similarity  between  PD  and  the  MPTP  model,  it  is  likely  that  a 
similar  cascade  of  deleterious  events  underlies  the  pathogenesis  of  PD. 
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Parkinson's  disease  is  a  common  neurodegenerative  disorder 
characterized  by  the  progressive  loss  of  the  dopaminergic 
neurons  in  the  substantia  nigra  pars  compacta.  The  loss  of 
these  neurons  is  associated  with  a  glial  response  composed 
mainly  of  activated  microglial  celts  and,  to  a  lesser  extent,  of 
reactive  astrocytes.  This  glial  response  may  be  the  source  of 
trophic  factors  and  can  protect  against  reactive  oxygen  species 
and  glutamate.  Aside  from  these  beneficial  effects,  the  glial 
response  can  mediate  a  variety  of  deleterious  events  related  to 
the  production  of  reactive  species,  and  pro-inflammatory 
prostaglandin  and  cytokines.  This  article  reviews  the  potential 
protective  and  deleterious  effects  of  glial  cells  in  the  substantia 
nigra  pars  compacta  of  Parkinson's  disease.  Curr  Opin  Neurol 
14:483-489,  ©  2001  Lippincott  Williams  &  Wilkins. 
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Introduction 

Parkinson’s  disease  is  a  common  neurodegenerative 
disorder  characterized  mainly  by  resting  tremor,  slow¬ 
ness  of  movement,  rigidity,  and  postural  instability  [1*] 
and  associated  with  a  dramatic  loss  of  dopamine- 
containing  neurons  in  the  substantia  nigra  pars  compacta 
(SNpc)  [2].  The  number  of  Parkinson’s  disease  patients 
has  been  estimated  at  ~  1  000  000  in  North  America, 
with  ~  50  000  newly  affected  individuals  each  year  [1*]. 
Thus  far,  the  most  effective  treatment  for  Parkinson’s 
disease  remains  the  administration  of  a  precursor  of 
dopamine,  L-dopa,  which,  by  replenishing  the  brain  in 
dopamine  alleviates  almost  all  Parkinson’s  disease 
symptoms.  However,  the  chronic  administration  of  L- 
dopa  often  causes  motor  and  psychiatric  side  effects, 
which  may  be  as  debilitating  as  Parkinson’s  disease  itself 
[3],  and  there  is  no  supportive  evidence  that  L-dopa 
therapy  impedes  the  neurodegenerative  process  in 
Parkinson’s  disease.  Therefore,  without  undermining 
the  importance  of  L-dopa  therapy  in  Parkinson’s  disease, 
there  is  an  urgent  need  to  acquire  a  deeper  under¬ 
standing  of  both  etiologic  (Le.,  causes)  and  pathogenic 
(Le.,  mechanisms  of  cell  death)  factors  implicated  in 
Parkinson’s  disease,  not  only  to  prevent  the  disease,  but 
also  to  develop  therapeutic  strategies  aimed  at  halting  its 
progression.  To  elucidate  such  factors,  and  consequently 
to  develop  new  therapies,  the  neuropathology  of 
Parkinson’s  disease  has  been  revisited  in  search  of 
abnormalities  that  could  shed  light  on  these  putative 
culprits.  In  keeping  with  this  goal,  it  is  worth  mentioning 
that  aside  from  the  dramatic  loss  of  dopamine  neurons, 
the  SNpc  is  also  the  site  of  a  glial  reaction  in  both 
Parkinson’s  disease  and  experimental  models  of  Parkin¬ 
son’s  disease  [4-7].  Gliosis  is  a  recognized  prominent 
neuropathologieal  feature  of  many  diseases  of  the  brain, 
whose  sole  and  unique  function  has  been  thought,  for 
many  years,  to  be  the  removal  of  cellular  debris.  Since 
then,  mounting  evidence  indicates  that  the  role  played 
by  gliosis  in  pathological  situations  may  not  be  restricted 
to  its  'housekeeping’  function  but  may  also  include 
actions  which  significantly  and  actively  contribute  to  the 
demise  of  neurons,  especially  in  neurodegerierative 
diseases  like  Parkinson’s  disease.  Interestingly,  several 
lines  of  evidence  demonstrate  that  gliosis  may  behave  in 
a  'yin  and  yang’  fashion  because,  depending  upon  the 
situation,  it  may  mediate  either  beneficial  or  harmful 
events.  In  this  review,  we  will  summarize  the  observa¬ 
tions  regarding  gliosis  in  Parkinson’s  disease  and  in 
experimental  models  of  Parkinson’s  disease  as  well  as 
outline  recent  findings  regarding  the  potential  role  of 
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gliosis  in  the  overall  neurodegenerative  process  that 
occurs  in  Parkinson’s  disease. 

As  a  preamble  to  our  review,  it  is  important  to  remind 
the  reader  that  glia  is  composed  of  macroglia,  including 
astrocytes  and  oligodendrocytes,  and  microglia.  As 
mentioned  by  Wilkin  and  Knott  [8],  so  far,  oligoden¬ 
drocytes,  which  are  involved  in  the  process  of  nryelina- 
tion,  have  not  been  implicated  in  Parkinson’s  disease, 
whereas  both  astrocytes  and  microglial  cells  have. 
Accordingly,  the  focus  of  this  section  will  be  on 
astrocytes  and  microglial  cells.  Astrocytes  are  crucial,  in 
the  normal,  undamaged  adult  brain,  to  the  homeostatic 
control  of  the  neuronal  extracellular  environment  [8]. 
Conversely,  little  is  known  about  microglial  functions  in 
the  normal  brain.  Following  an  injury  to  the  brain,  both 
astrocytes  and  microglial  cells  undergo  various  pheno¬ 
typic  changes  that  enable  them  to  respond  to  and  to  play 
a  role  in  the  pathological  processes  [9,10].  For  instance, 
microglial  activation  is  characterized  by  proliferation, 
increased  or  de-novo  expression  of  marker  molecules, 
such  as  major  histocompatibility  complex  antigens, 
migration,  and  eventually  changes  into  a  macrophage¬ 
like  appearance  [11]. 

Glial  reaction  in  Parkinson’s  disease 

In  normal  brains,  neither  resting  astrocytes  nor  microglial 
cells  are  evenly  distributed  [12,13].  For  instance,  density 
of  microglial  cells  is  remarkably  higher  in  the  substantia 
nigra  compared  to  other  midbrain  areas  and  brain  regions 
such  as  hippocampus  [14].  This  observation,  together 
with  the  finding  that  substantia  nigra  neurons  are  much 
more  susceptible  to  activated  microglial-mediated  injury 
[14],  lend  support  to  the  idea  that  gliosis  may  play  an 
especially  meaningful  role  in  Parkinson’s  disease. 

The  nigrostriatal  pathway  is  the  most  affected  dopami¬ 
nergic  system  in  Parkinson’s  disease.  The  neurons  that 
form  this  pathway  have  their  cell  bodies  in  the  SNpc  and 
their  nerve  terminals  in  the  striatum.  Of  particular 
relevance  to  this  review  is  the  finding  that  the  loss  of 
dopaminergic  neurons  in  post-mortem  parkinsonian 
brains  is  associated  with  a  significant  glial  reaction 
[4,5,15,16].  Interestingly,  however,  while  the  damage 
to  dopaminergic  elements  is  consistently  more  severe  in 
the  striatum  than  in  the  SNpc,  the  response  of  glial  cells 
is  consistently  more  robust  in  the  SNpc  than  in  the 
striatum  [5].  This  discrepancy  can  be  explained  by  the 
fact  that  dopaminergic  structures  are  in  dominance  in  the 
SNpc  whereas  they  are  in  a  minority  in  the  striatum  (e.g., 
dopamine  synapses  represent  <15%  of  the  entire  pool 
of  synapses  in  the  striatum).  Aside  from  this  topographi¬ 
cal  difference,  the  magnitude  of  the  astrocytic  and 
microglial  responses  in  parkinsonian  brains  are  also  very 
different.  The  SNpc  of  many  but  not  all  post-mortem 
Parkinson’s  disease  patients  exhibit,  at  best,  a  mild 


increase  in  the  number  of  astrocytes  and  in  the 
immunoreactivity  for  glial  fibrillary  acid  protein  (GFAP) 
[4,16],  Despite  these  changes,  full-blown  reactive  astro¬ 
cytes  have  been  observed  only  in  a  few  instances  [4,16]. 
Of  note,  the  density  of  GFAP-positive  astrocytes  appears 
to  be  inversely  related  to  the  magnitude  of  dopaminergic 
neuronal  loss  across  the  different  main  dopaminergic 
areas  of  the  brain  in  Parkinson’s  disease  post-mortem 
samples  [12],  suggesting  that  dopaminergic  neurons 
within  areas  poorly  populated  with  astrocytes  are  more 
prone  to  degenerate.  Conversely,  among  the  astrocytic 
pathologic  features  seen  in  Parkinson’s  disease,  what 
does  correlate  positively  with  the  severity  of  SNpc 
dopaminergic  neuronal  loss  is  the  count  of  a-synuclein 
positive-inclusions  within  SNpc  astrocytes  [17];  whether 
these  inclusions  have  any  pathogenic  significance 
remains  unknown.  Unlike  the  astrocytic  response,  the 
activation  of  microglial  cells  in  Parkinson’s  disease  is 
consistently  dramatic  [5,15,16].  Microscopically,  this 
microglial  response  in  the  SNpc  culminates  in  those 
sub-regions  most  affected  by  the  neurodegenerative 
process  [5,15,16].  Moreover,  activated  microglial  cells  are 
predominantly  found  in  close  proximity  to  free  neuro¬ 
melanin  in  the  neuropil  and  to  remaining  neurons,  onto 
which  they  sometimes  agglomerate  to  produce  an  image 
of  neuronophagia  [5].  In  l-methyl-4-phenyl-l, 2,3,6- 
tetrahydropyridine  (MPTP)-intoxicated  individuals, 
post-mortem  examination  reveals  a  marked  glial  reaction 
in  the  SNpc  whose  magnitude  seems  to  parallel  that  of 
dopaminergic  neuronal  loss  [18**].  In  all  three  autopsy 
cases,  both  reactive  astrocytes  and  activated  microglial 
cells  as  well  as  images  of  neuronophagia  are  abundantly 
seen  in  the  SNpc  [18**]. 

The  aforementioned  studies  indicate  that  the  glial 
response  in  the  SNpc  is  fairly  similar  between  humans 
with  Parkinson’s  disease  and  those  intoxicated  by 
MPTP,  although  a  more  significant  astrocytic  reaction 
is  seen  in  the  latter  [18**].  From  a  neuropathological 
standpoint,  microglial  activation  and  especially  neurono¬ 
phagia  is  indicative  of  an  active,  ongoing  process  of  cell 
death.  While  this  contention  is  consistent  with  the  fact 
that  Parkinson’s  disease  is  a  progressive  condition,  it 
challenges  the  notion  that  MPTP  produces  a  ‘hit-and- 
run’  kind  of  damage  and  rather  suggests  that  a  single 
acute  insult  in  the  SNpc  could  set  in  motion  a  self- 
sustaining  cascade  of  events  with  long-lasting  deleterious 
effects.  It  remains  that  neither  human  post-mortem 
Parkinson’s  disease  studies  nor  MPTP  cases  provide 
information  about  the  temporal  relationship  between  the 
loss  of  dopaminergic  neurons  and  the  glial  reaction  in  the 
SNpc.  Looking  at  mice  injected  with  MPTP  and  killed 
at  different  time  points  thereafter,  it  appears  that  the 
time  course  of  reactive  astrocyte  formation  parallels  that 
of  dopaminergic  structure  destruction  in  both  the 
striatum  and  the  SNpc,  and  that  GFAP  expression 
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remains  upregulated  even  after  the  main  wave  of 
neuronal  death  has  passed  [6,19,20**]*  These  findings 
suggest  that,  in  the  MPTP  mouse  model  [21*],  the 
astrocytic  reaction  is  secondary  to  the  death  of  neurons 
and  not  the  reverse.  This  is  supported  by  the 
demonstration  that  blockade  of  l-methyl-4-phenyiper- 
ydinium  (MPP+,  the  active  metabolite  of  MPTP  [21*]) 
uptake  into  dopaminergic  neurons  not  only  completely 
prevents  SNpc  dopaminergic  neuronal  death  but  also 
GFAP  upregulation  [22].  Remarkably,  activation  of 
microglial  cells,  which  is  also  quite  strong  in  the  MPTP 
mouse  model  [6, 19, 20**, 23],  occurs  much  earlier  than 
that  of  astrocytes  and,  more  importantly,  reaches  a 
maximum  before  the  peak  of  dopaminergic  neurode¬ 
generation  [20**].  In  light  of  the  MPTP  data  presented 
above,  it  can  be  surmised  that  the  response  of  both 
astrocytes  and  microglial  cells  in  the  SNpc  clearly  occurs 
within  a  timeframe  allowing  these  glial  cells  to  partici¬ 
pate  in  the  demise  of  dopaminergic  neurons  in  the 
MPTP  mouse  model  and  possibly  in  Parkinson’s 
disease.  In  the  following  sections,  we  will  examine 
through  which  beneficial  or  detrimental  mechanisms  the 
glial  response  in  Parkinson’s  disease  can  possibly  play 
out  in  the  neurodegenerative  process. 

The  protective  effect  of  glial  cells  in 
Parkinson’s  disease 

As  mentioned  above,  glial  response  to  injury  may  in  fact 
have  beneficial  effects  which,  in  the  case  of  Parkinson’s 
disease,  could  attenuate  neurodegeneration.  Among  the 
different  mechanisms  by  which  glial-derived  neuropro¬ 
tection  could  be  mediated,  the  first  that  comes  to  mind 
involves  the  production  of  trophic  factors. 

To  date,  it  is  well  recognized  that  many  mature  and, 
even  more  so,  immature  tissues  and  cell  types,  including 
glial  cells,  possess  trophic  properties  that  are  essential  for 
the  survival  of  dopaminergic  neurons.  Relevant  to  this  is 
the  observation  that  striatal  oligodendrocyte-type  2 
astrocytes  greatly  improve  the  survival  and  phenotype 
expression  of  mesencephalic  dopaminergic  neurons  in 
culture,  while  simultaneously  decreasing  the  apoptotic 
demise  of  these  neurons  [24].  Although  the  actual 
identity  of  this  glial-related  trophic  factor  remains  to  be 
established,  several  others  have  already  been  well 
characterized.  Among  those,  glial-derived  neurotrophic 
factor  (GDNF),  which  can  be  released  by  activated 
microglia,  seems  to  be  the  most  potent  factor  in 
supporting  SNpc  dopaminergic  neurons  during  their 
period  of  natural  developmental  death  in  postnatal 
ventral  midbrain  cultures  [25].  It  is  also  worth  emphasiz¬ 
ing  that  GDNF  induces  dopaminergic  nerve  fiber 
sprouting  in  the  injured  rodent  striatum  [26],  and  that 
this  effect  is  markedly  decreased  when  GDNF  expres¬ 
sion  is  inhibited  by  intrastriatal  infusion  of  antisense 
oligonucleotides  [27].  Furthermore,  GDNF,  delivered 


either  by  infusion  of  the  recombinant  protein  or  by  viral 
vectors,  has  been  shown  to  markedly  attenuate  dopami¬ 
nergic  neuronal  death  and  to  significantly  boost  dopa¬ 
minergic  function  within  injured  neurons  in  both 
MPTP-treated  monkeys  and  mice  [28,29**,30].  Unfortu¬ 
nately,  in  humans  with  Parkinson’s  disease,  much  less 
enthusiastic  results  have  been  obtained  thus  far,  in  that 
repetitive  intraventricular  injections  of  recombinant 
GDNF  to  one  advanced  parkinsonian  patient  was  poorly 
tolerated  and  failed  to  halt  the  progression  of  the  disease 
[31]. 

Glial  cells  may  also  protect  dopaminergic  neurons  against 
degeneration  by  scavenging  toxic  compounds  released 
by  the  dying  neurons.  For  instance,  dopamine  can 
produce  reactive  oxygen  species  through  different  routes 
[32*].  Along  this  line,  glial  cells  may  protect  remaining 
neurons  against  the  resulting  oxidative  stress  by 
metabolizing  dopamine  via  monoamine  oxidase-B  and 
catechol-O-methyltransferase  present  in  astrocytes,  and 
by  detoxifying  reactive  oxygen  species  through  the 
enzyme  glutathione  peroxidase,  which  is  detected 
almost  exclusively  in  glial  cells  [33*].  Glia,  which  can 
avidly  take  up  extracellular  glutamate,  may  mitigate  the 
presumed  harmful  effects  of  the  subthalamic  excitotoxic 
input  to  the  substantia  nigra  [34].  Taken  together,  the 
data  reviewed  here  support  the  contention  that  glial  cells 
could  have  neuroprotective  roles  in  Parkinson’s  disease. 
Whether  any  of  those,  however,  actually  dampen  the 
neurodegenerative  process  in  parkinsonian  patients 
remains  to  be  demonstrated. 

The  deleterious  role  of  glial  cells  in 
Parkinson’s  disease 

As  we  will  see  now,  there  are  also  many  compelling 
findings  which  support  the  contention  that  glial  cells 
could  be  harmful  in  Parkinson’s  disease.  In  this  context, 
the  spotlight  appears  to  be  more  on  activated  microglial 
cells  and  less  on  reactive  astrocytes.  The  importance  of 
activated  microglial  cells  in  the  neurodegenerative 
process  is  underscored  by  the  following  demonstrations 
in  rats  [35]:  (1)  the  stereotaxic  injection  of  bacterial 
endotoxin  lipopolysaccharide  into  the  SNpc  causes  a 
strong  activation  of  microglia  throughout  the  substantia 
nigra,  followed  by  a  marked  degeneration  of  dopami¬ 
nergic  neurons;  and  (2)  the  pharmacological  inhibition 
of  microglial  activation  prevents  lipopolysaccharide- 
induced  SNpc  neuronal  death. 

Activated  microglial  cells  can  produce  a  variety  of 
noxious  compounds  including  reactive  oxygen  species, 
reactive  nitrogen  species,  pro-inflammatory  prostaglan¬ 
dins,  and  cytokines.  Among  the  array  of  reactive  species, 
lately,  the  lion’s  share  of  attention  has  been  given  to 
reactive  nitrogen  species  due  to  the  prevailing  idea  that 
nitric  oxide-mediated  nitrating  stress  could  be  pivotal  in 
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the  pathogenesis  of  Parkinson’s  disease  [36,37,38  *-40*]. 
So  far,  however,  none  of  the  characterized  isoforms  of 
nitric  oxide  synthase  (NOS)  has  been  identified  in  SNpc 
dopaminergic  neurons;  hence,  nitric  oxide  involved  in 
the  nitrating  stress  of  Parkinson’s  disease  most  likely 
originates  from  other  neurons  and/or  glial  cells,  as  we 
hypothesized  previously  [36].  It  is  thus  particularly 
relevant  to  mention  that  numerous  glial  cells  in  the 
SNpc  of  both  Parkinson’s  disease  patients  [41*]  and 
MPTP -treated  mice  [20**, 23],  but  not  of  controls, 
express  high  levels  of  inducible  NOS  (iNOS).  This 
NOS  isoform,  upon  its  induction,  produces  high  amounts 
of  nitric  oxide  for  a  prolonged  period  of  time  [42],  as  well 
as  superoxide  radicals  [43],  two  reactive  species  which 
can  either  directly  or  indirectly  promote  neuronal  death. 

Prostaglandins  and  their  synthesizing  enzymes,  such  as 
cyclooxygenase  type  2,  constitute  a  second  group  of 
potential  culprits.  Indeed,  cyclooxygenase  type  2  has 
emerged  as  an  important  determinant  of  cytotoxicity 
associated  with  inflammation  [44,45*].  In  the  normal 
brain,  cyclooxygenase  type  2  is  significantly  expressed 


only  in  specific  subsets  of  forebrain  neurons  that  are 
primarily  glutamatergic  in  nature  [46],  which  suggests  a 
role  for  cyclooxygenase  type  2  in  the  postsynaptic 
signaling  of  excitatory7  neurons.  However,  under  patho¬ 
logical  conditions,  especially  those  associated  with  a 
glial  response,  cyclooxygenase  type  2  expression  in  the 
brain  can  increase  significantly,  as  does  the  level  of  its 
products  (e.g.,  prostaglandin  E2),  which  are  responsible 
for  many  of  the  cytotoxic  effects  of  inflammation. 
Interestingly,  cyclooxygenase  type  2  promoter  shares 
many  features  with  iNOS  promoter  [42]  and,  thus,  these 
two  enzymes  are  often  co-expressed  in  disease  states 
associated  with  gliosis.  Therefore,  it  is  not  surprising  to 
find  cyclooxygenase  type  2  and  iNOS  expressed  in 
SNpc  glial  cells  of  post-mortem  Parkinson’s  disease 
samples  [47];  prostaglandin  E2  content  is  also  elevated 
in  SNpc  from  Parkinson’s  disease  patients  [48].  Of 
relevance  to  the  potential  role  of  prostaglandin  in  the 
pathogenesis  of  Parkinson’s  disease  is  the  demonstra¬ 
tion  that  the  pharmacological  inhibition  of  both 
cyclooxygenase  types  1  and  2  attenuates  MPTP  toxicity 
in  mice  [49]. 


Figure  1.  Potential  involvement  of  glial  cells  in  the  pathogenesis  of  Parkinson’s  disease 


Activated  microglial  cells  may  contribute  to  dopaminergic  neurodegeneration  by  releasing  cytotoxic  compounds  such  as  cytokines.  Cytokines  may 
exert  a  direct  effect  on  dopaminergic  neurons  by  activating  transduction  pathways  that  lead  to  apoptosis  or,  alternatively,  by  inducing  the  expression  of 
iNOS  within  glial  cells  and  the  subsequent  formation  of  nitric  oxide  (NO).  NO  is  membrane  permeable  and  can  diffuse  to  neighboring  dopaminergic 
neurons.  If  the  neighboring  cell  has  elevated  levels  of  superoxide  (OJ),  there  is  an  increased  probability  that  superoxide  will  react  with  NO  to  form 
peroxynitrite  (0N00~),  which  can  damage  lipids,  proteins  and  DNA.  Damaged  DNA  stimulates  Poly(ADP-ribose)  synthase  (PARS)  activity,  which 
further  contributes  to  the  ATP  depletion  induced  by  the  MPP+-mediated  inhibition  of  the  mitochondrial  complex  I.  Other  glial  cells,  such  as  astrocytes, 
may  have  a  neuroprotective  effect  on  dopaminergic  neurons  by  producing  neurotrophic  factors,  such  as  GDNF,  or  by  metabolizing  dopamine  (DA)  by 
monoamino  oxidase-B  (MAOb)  or  catechol- O-methyltransferase  (COMT),  then  eliminating  free  radicals  using  glutathione  peroxidase  (GPx). 
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A  third  group  of  glial-derived  compounds  that  can  inflict 
damage  in  Parkinson’s  disease  is  the  pro-inflammatory 
cytokines.  Several  among  these,  including  tumor  necro¬ 
sis  faetor-a  (TNF-a)  and  interleukin- (IL-ljS),  are 
increased  in  both  SNpc  tissues  and  cerebrospinal  fluids 
of  Parkinson’s  disease  patients  [50-52]  although  some  of 
the  reported  alterations  may  be  related  to  the  chronic  use 
of  the  anti-Parkinson’s  disease  therapy  L-dopa  [53].  It 
remains  that,  at  autopsy,  convincing  immunostaining  for 
TNP-a,  IL-1 P,  and  interferon-7  is  observed  in  SNpc  glial 
cells  from  Parkinson’s  disease  patients  [54**].  These 
cytokines  may  act,  at  least,  at  two  levels  in  Parkinson’s 
disease.  First,  while  they  are  produced  by  glial  cells, 
they  can  stimulate  other  glial  cells  not  yet  activated, 
thereby  amplifying  and  propagating  the  glial  response 
and  consequently  the  glial-related  injury  to  neurons. 
Relevant  to  this  scenario  are  the  following  demonstra¬ 
tions  [54**]:  glial-derived  TNF-a,  IL-1/?,  and  interferon- 
y  activate  other  microglial  cells  which  start  to  express  the 
macrophage  cell  surface  antigen  FcsRll;  now,  activation 
of  FcsRll  on  these  newly  activated  microglial  cells 
induces  iNOS  expression  and  the  subsequent  produc¬ 
tion  of  nitric  oxide  which,  in  turn,  can  amplify  the 
production  of  cytokines  within  glial  cells  (e.g.,  TNF-a) 
and  can  diffuse  to  neighboring  neurons.  Second,  glial- 
derived  cytokines  may  also  act  directly  on  dopaminergic 
neurons  by  binding  specific  cell  surface  cytokine 
receptors  (e.g.,  TNF-a  receptor).  Once  activated,  these 
cytokine  receptors  trigger  intracellular  death-related 
signaling  pathways  whose  molecular  correlates  include 
translocation  of  the  transcription  nuclear  factor-K-B  from 
the  cytoplasm  to  the  nucleus  and  activation  of  the 
apoptotic  machinery.  In  connection  with  this,  Parkin¬ 
son’s  disease  patients  exhibit  a  70-fold  increase  in  the 
proportion  of  dopaminergic  neurons  with  nuclear  faetor- 
k-B  immunoreaetivity  in  their  nuclei  compared  to  control 
subjects  [55].  In  relation  to  apoptosis,  Bax,  a  potent  pro- 
apoptotic  protein,  is  upregulated  after  MPTP  adminis¬ 
tration  and  its  ablation  prevents  the  loss  of  SNpc 
dopaminergic  neurons  in  this  experimental  model  [56]; 
and  caspase-3,  a  key  effector  of  apoptosis,  is  activated  in 
post-mortem  Parkinson’s  disease  samples  [57]. 

Conclusion 

We  have  tried  to  succinctly  review  the  issue  of  glial 
response  in  Parkinson’s  disease  and  how  this  cellular 
component  of  Parkinson’s  disease  neuropathology, 
which  has  been  neglected  far  too  long,  can  play  out  in 
the  overall  neurodegenerative  process  (Fig.  1).  Accord¬ 
ingly,  key  findings  and,  as  often  as  possible,  recent 
studies  were  included  in  our  discussion  to  provide  an  up- 
to-date  look  at  this  question.  Although  we  have  tried  to 
provide  the  reader  with  a  balanced  view  of  this  issue,  it  is 
our  opinion  that,  given  the  available  evidence  to  date, 
data  supporting  a  detrimental  role  of  the  glial  response  in 
Parkinson’s  disease  outweigh  those  supporting  a  bene¬ 


ficial  role.  We  also  believe  that,  should  the  glial  response 
in  Parkinson’s  disease  indeed  be  implicated  in  the 
neurodegenerative  process,  it  is  unlikely  that  any  aspect 
of  the  glial  response  initiates  the  death  of  SNpc 
dopaminergic  neurons,  but  quite  possibly  propagates 
the  neurodegenerative  process.  This  view,  if  confirmed, 
may  thus  have  far-reaching  therapeutic  implications  as 
targeting  a  specific  aspect  of  the  glial-related  cascade  of 
deleterious  events  may  prove  successful  in  slowing  or 
even  hairing  further  neurodegeneration  in  Parkinson’s 
disease  [58]. 
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Abstract 

1  -Methyl-4-phenyl-l  ,2,3,6-tetrahydropyridme  (MPTP)  causes  damage  to  substantia  nigra  pars  compacta  (SNpc)  dopaminergic  (DA) 
neurons  as  seen  in  Parkinson’s  disease  (PD),  After  systemic  administration  of  MPTP,  its  active  metabolite,  MPP+,  accumulates  within 
SNpc  DA  neurons,  where  it  inhibits  ATP  production  and  stimulates  superoxide  radical  formation.  The  produced  superoxide  radicals  react 
with  nitric  oxide  (NO)  to  produce  peroxynitrite,  a  highly  reactive  tissue-damaging  species  that  damages  proteins  by  oxidation  and  nitration. 
Only  selected  proteins  appear  nitrated,  and  among  these  is  found  tyrosine  hydroxylase  (TH),  the  rate  limiting  enzyme  in  DA  synthesis,  and 
the  pre-synaptic  protein  a-synuclein.  Peroxynitrite  also  nicks  DNA,  which,  in  turn,  activates  poly(ADP-ribose)  polymerase  (PARP).  PARP 
activation  consumes  ATP,  and  thus  acutely  depletes  the  cell  energy  stores.  This  latter  event  aggravates  the  preexisting  energy  failure  due  to 
MPP+-induced  mitochondrial  respiration  blockade  and  precipitates  cell  death.  On  the  other  hand,  MPP+  also  activates  highly  regulated  cell 
death-associated  molecular  pathways  that  participate  in  the  relentless  demise  of  neurons  in  PD.  Altogether,  these  findings  support  the  view 
that  MPTP  s  deleterious  cascade  of  events  include  mitochondrial  respiration  deficit,  oxidative  stress,  energy  failure  and  activation  of 
apoptotic  genetic  programs.  Because  of  the  similarity  between  the  MPTP  mouse  model  and  PD,  it  is  tempting  to  propose  that  a  similar 
scenario  applies  to  the  pathogenesis  of  PD.  ©  2001  Elsevier  Science  B,V.  All  rights  reserved. 

Keywords :  Free  radicals;  1-Methy  1-4-phenyl- 1, 2, 3,6-tetrahydropyridine;  Neurodegeneration;  Nitric  oxide;  Parkinson’s  disease;  Poly (ADP-ribose)  polymerase; 
Apoptosis;  a- -Sy nuclein 


1.  Introduction 

Parkinson’s  disease  (PD)  is  a  common  neurodegenerative 
disorder  of  unknown  cause  whose  cardinal  clinical  features 
include  tremor,  stiffness,  slowness  of  movement,  and 
postural  instability  [1],  Most,  if  not  all,  of  these  disabling 
clinical  abnormalities  are  attributed  to  a  profound  decrease 
in  brain  dopamine  content  in  the  striatum  which  results  from 
the  dramatic  loss  of  dopaminergic  neurons  in  the  substantia 
nigra  pars  compacta  (SNpc)  [1].  The  prevalence  of  PD  has 
been  estimated  at  ~1  000  000  in  North  America  with 
-50  000  newly  affected  individuals  each  year.  Thus  far, 
the  most  potent  treatment  for  PD  remains  the  administration 
of  a  precursor  of  dopamine,  l-DOPA,  which,  by  replenish¬ 
ing  the  brain  with  dopamine,  alleviates  PD  symptoms. 
However,  the  chronic  administration  of  l-DOPA  often 
causes  motor  and  psychiatric  side  effects,  which  may  be 
as  debilitating  as  PD  itself  [2],  Furthermore,  there  is  no 
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supportive  evidence  that  l-DOPA  therapy  impedes  the 
progressive  death  of  SNpc  dopaminergic  neurons.  There¬ 
fore,  without  undermining  the  importance  of  l-DOPA  ther¬ 
apy  in  PD,  it  is  clear  that  symptomatic  treatments  are  not  the 
ultimate  solution  for  PD  patients.  On  the  other  hand,  it  is  as 
clear  that  the  ultimate  solution  will  emanate  from  therapeu¬ 
tic  strategies  effective  at  stopping  or  slowing  the  neurode¬ 
generative  process  of  PD.  To  this  end,  it  is  essential  to 
elucidate  the  cascade  of  deleterious  events  that  underlie 
the  demise  of  SNpc  dopaminergic  neurons  in  PD.  Over 
the  past  50  years  or  so,  intense  research  efforts  geared 
toward  unraveling  the  etiopathogenesis  of  PD  have 
employed  experimental  models  of  PD  in  an  attempt  to 
shed  light  onto  this  extremely  serious  problem.  As  a  result, 
a  plethora  of  both  in  vitro  and  in  vivo  models  have  emerged; 
without  exception,  by  virtue  of  being  experimental  models, 
all  have  been  praised  for  their  resemblance  to  PD  but,  at  the 
same  time,  have  been  harshly  criticized  for  their  shortcom¬ 
ings.  An  insightful  discussion  on  this  ‘dual  personality’  of 
experimental  models  of  PD  can  be  found  in  Ref.  [3]. 
The  topic  of  this  review  will  be  devoted  to  the  parkin¬ 
sonian  toxin  1  -methyl-4-phenyl- 1,2,3 ,6-tetrahy  dropyridine 
(MPTP)  which,  in  our  opinion,  remains  to  date  the  best 
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experimental  model  of  PD,  especially  in  the  context  of 
studies  designed  to  explore  molecular  mechanisms  involved 
in  the  degeneration  of  SNpc  dopaminergic  neurons.  Its 
superiority  over  other  experimental  models  also  stems,  of 
course,  from  the  fact  that  MPTP  produces  a  PD-like 
syndrome  in  humans.  Indeed,  this  fact  unquestionably  repre¬ 
sents,  in  the  eyes  of  investigators,  physicians,  and  even 
patients,  a  huge  impetus  toward  regarding  the  MPTP 
model  as  a  credible  tool  in  the  study  of  PD,  a  situation  not 
many  other  experimental  models  of  PD  can  boast.  In  keep¬ 
ing  with  this,  it  cannot  be  stressed  enough  that,  while  the 
effect  on  humans  is  a  ‘plus’  for  the  MPTP-model,  it  also 
raises  the  issue  of  safety,  as  accidental  intoxication  of 
laboratory  personnel  may  have  disastrous  repercussions,  a 
risk  that  can  only  be  minimized  if  proper  measures  and 
precautions  are  implemented  while  using  MPTP.  Please 
refer  to  Ref.  [4]  for  a  comprehensive  review  on  the  topic 
of  use  and  safety  of  MPTP. 


2.  MPTP  as  a  model  of  PD 

The  fact  that  MPTP  causes  a  parkinsonian  syndrome  was 
discovered  in  1982  when  a  group  of  drug  addicts  in  Cali¬ 
fornia  were  rushed  to  the  emergency  room  with  a  severe 
bradykinetic  and  rigid  syndrome  [5].  Subsequently,  it  was 
discovered  that  this  syndrome  was  induced  by  the  self¬ 
administration  of  street  batches  of  a  synthetic  meperidine 
analogue  whose  synthesis  had  been  heavily  contaminated 
by  a  by-product,  MPTP  [6].  In  the  period  of  a  few  days 
following  the  administration  of  MPTP,  these  patients  exhib¬ 
ited  a  severe  and  irreversible  akinetic  rigid  syndrome.  The 
analogy  to  PD  was  rapidly  made  by  Dr  Langston  and  his 
group,  and  l-DOPA  was  tried  with  great  success,  relieving 
the  symptoms  of  these  patients. 

Since  the  discovery  that  MPTP  causes  parkinsonism  in 
human  and  non-human  primates  as  well  as  in  various  other 
mammalian  species,  this  neurotoxin  has  been  used  exten¬ 
sively  as  a  model  of  PD  [6-8].  In  human  and  non-human 
primates,  MPTP  produces  an  irreversible  and  severe  parkin¬ 
sonian  syndrome  that  replicates  almost  all  of  the  features  of 
PD  including  tremor,  rigidity,  slowness  of  movement, 
postural  instability,  and  even  gait  freezing.  The  responses 
as  well  as  the  complications  to  traditional  anti-parkinsonian 
therapies  are  virtually  identical  to  those  seen  in  PD. 
However,  while  in  PD  it  is  believed  that  the  neurodegenera- 
tive  process  evolves  over  several  years,  the  most-active 
phase  of  neuronal  death  is  presumably  completed  in  a 
short  period  of  time  following  MPTP  administration,  produ¬ 
cing  a  clinical  condition  consistent  with  ‘end-stage  PD’  in  a 
few  days  [9].  Still,  brain  imaging  and  neuropathological 
data  suggest  that,  following  the  acute  phase  of  neuronal 
death,  SNpc  neurons  continue  to  succumb  at  a  much 
lower  rate  for  many  years  after  MPTP  exposure  [10,11]. 
From  a  neuropathological  standpoint,  MPTP  administration 
causes  damage  to  the  dopaminergic  pathways  identical  to 


that  seen  in  PD  [12]  with  a  resemblance  that  goes  beyond 
the  degeneration  of  SNpc  dopaminergic  neurons.  For 
instance,  like  PD,  MPTP  causes  a  greater  loss  of  dopami¬ 
nergic  neurons  in  the  SNpc  than  in  the  ventral  tegmental 
area  [13,14]  and  a  greater  degeneration  of  dopaminergic 
nerve  terminals  in  the  putamen  than  in  the  caudate  nucleus, 
at  least  in  monkeys  treated  with  low  dose  of  MPTP  [15],  but 
apparently  not  in  acutely  intoxicated  humans  [16].  On  the 
other  hand,  two  typical  neuropathologic  features  of  PD 
have,  until  now,  been  lacking  in  the  MPTP  model.  First, 
except  for  the  SNpc,  the  other  pigmented  nuclei  such  as 
the  locus  coeruleus  have  been  spared,  according  to  most 
published  reports.  Second,  the  eosinophilic  intraneuronal 
inclusions,  called  Lewy  bodies,  so  characteristic  of  PD, 
have  thus  far  not  been  convincingly  observed  in  MPTP- 
induced  parkinsonism  [17].  Interestingly,  chronic  infusion 
of  rotenone,  a  mitochondrial  poison  that  exhibits  a  lot  of 
mechanistic  similarities  of  MPTP,  does  produce  intraneur¬ 
onal  inclusion  reminiscent  of  Lewy  bodies  in  the  context  of 
SNpc  dopaminergic  neuronal  death  in  rats  [18].  This  finding 
strongly  suggests  that  whether  or  not  Lewy  bodies  are  seen 
following  administration  of  a  toxin  such  as  MPTP  may  be 
more  related  to  the  timetable  of  intoxication  than  to  the 
nature  of  the  toxin.  Also  worth  noting  is  the  fact  that  post¬ 
mortem  brain  samples  from  PD  patients  [19]  show  a  selec¬ 
tive  defect  in  the  same  mitochondrial  electron  transport 
chain  complex  that  is  affected  by  MPTP  [20,21].  Abnorm¬ 
alities  in  parameters  of  oxidative  stress  in  post-mortem  PD 
brain  tissue  suggest  that  this  disease  is  caused  by  an  over¬ 
production  of  reactive  oxygen  species  (ROS)  [22],  the  same 
highly  reactive  tissue  damaging  species  that  are  suspected  of 
being  involved  in  MPTP-induced  dopaminergic  toxicity  in 
vivo  [23-25].  However,  despite  this  impressive  resem¬ 
blance  between  PD  and  the  MPTP  model,  MPTP  has 
never  been  recovered  from  post-mortem  brain  samples  or 
body  fluids  of  PD  patients.  Altogether,  these  findings  are 
consistent  with  MPTP  not  causing  PD,  but  being  an  excel¬ 
lent  experimental  model  of  PD.  Accordingly,  it  can  be 
speculated  that  elucidating  the  molecular  mechanisms  of 
MPTP  should  lead  to  important  insights  into  the  pathogen¬ 
esis  and  treatment  of  PD. 


3.  Mode  of  action  of  MPTP 

As  illustrated  in  Fig.  1,  the  metabolism  of  MPTP  is  a 
complex,  multistep  process  [26].  After  its  systemic  adminis¬ 
tration,  MPTP,  which  is  highly  lipophilic,  rapidly  crosses  the 
blood-brain  barrier.  Once  in  the  brain,  the  pro-toxin  MPTP  is 
metabolized  to  l-methyl-4-phenyl-2,3-dihydropyridinium 
(MPDP+)  by  the  enzyme  monoamine  oxidase  B  (MAO-B) 
within  non-dopaminergic  cells,  and  then  (probably  by 
spontaneous  oxidation)  to  l-methyl-4-phenylpyridinium 
(MPP+),  the  active  toxic  compound.  Thereafter,  MPP+  is 
released  (by  an  unknown  mechanism)  in  the  extracellular 
space.  Brain  inflow  of  MPTP,  together  with  its  transforma- 
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Fig,  L  Schematic  representation  of  MPTP  metabolism.  After  its  systemic 
administration,  MPTP  crosses  the  blood-brain  barrier.  Once  in  the  brain, 
MPTP  is  converted  to  MPDP+  by  MAO-B  within  non-dopaminergic  cells, 
and  then  to  MPP+  by  an  unknown  mechanism.  Thereafter,  MPP+  is 
released,  again  by  an  unknown  mechanism,  in  the  extracellular  space. 
From  there,  MPP+  is  taken  up  by  the  DAT  and  enters  into  dopaminergic 
neurons. 


tion  into  MPP+,  determines  the  amount  of  MPP+  available  to 
enter  dopaminergic  neurons.  The  next  important  step  in  the 
MPTP  neurotoxic  pathway  is  the  mandatory  entry  of  MPP+ 
into  dopaminergic  neurons.  Since  MPP+  is  a  polar  molecule, 
unlike  its  precursor  MPTP,  it  cannot  freely  enter  cells,  but 
depends  on  the  plasma  membrane  earners  to  gain  access  to 
dopaminergic  neurons.  MPP+  has  a  high  affinity  for  plasma 
membrane  dopamine  transporter  (DAT)  [27],  as  well  as  for 
norepinephrine  and  serotonin  transporters.  The  obligatory 
character  of  this  step  in  the  MPTP  neurotoxic  process  is 
demonstrated  by  the  fact  that  blockade  of  DAT  by  specific 
antagonists  such  as  mazindol  [28]  or  ablation  of  DAT  gene  in 
mutant  mice  [29]  completely  prevents  MPTP-induced  toxi¬ 
city.  Conversely,  transgenic  mice  with  increased  brain  DAT 
expression  are  more  sensitive  to  MPTP  [30]. 

Once  inside  dopaminergic  neurons,  MPP+  can  follow  at 
least  three  routes:  (i)  it  can  bind  to  the  vesicular  monoamine 
transporters  (VMAT)  which  will  translocate  MPP+  into 
synaptosomal  vesicles  [31];  (ii)  it  can  be  concentrated  by 
an  active  process  within  the  mitochondria  [32];  and  (iii)  it 
can  remain  in  the  cytosol  and  interact  with  different  cyto¬ 
solic  enzymes  [33].  The  fraction  of  MPP+  destined  to  each 
of  these  routes  is  probably  a  function  of  MPP+  intracellular 
concentration  and  affinity  for  VMAT,  mitochondria  carriers, 
and  cytosolic  enzymes.  The  importance  of  the  vesicular 
sequestration  of  MPP+  is  demonstrated  by  the  fact  that 
cells  transfected  to  express  greater  density  of  VMAT  are 
converted  from  MPP+-sensitive  to  MPP+-resistant  cells 
[31].  Conversely,  we  demonstrated  that  mutant  mice  with 
50%  lower  VMAT  expression  are  significantly  more  sensi¬ 
tive  to  MPTP-induced  dopaminergic  neurotoxicity 
compared  to  their  wild-type  littermates  [34].  These  findings 
indicate  that  there  is  a  clear  inverse  relationship  between  the 
capacity  of  MPP+  sequestration  (i.e.  VMAT  density)  and 
the  magnitude  of  MPTP  neurotoxicity. 


Inside  dopaminergic  neurons,  MPP+  can  also  be  concen¬ 
trated  by  an  active  process  within  the  mitochondria  (Fig.  2) 
[32],  where  it  impairs  mitochondrial  respiration  by  inhibit¬ 
ing  complex  I  of  the  electron  transport  chain  [35,36]  through 
its  binding  at  or  near  the  same  site  as  the  mitochondrial 
poison  rotenone  [37,38].  The  binding  of  MPP+  to  complex 
I,  by  interrupting  the  flow  of  electrons,  leads  to  a  deficit  in 
ATP  formation.  It  appears,  however,  that  complex  I  activity 
should  be  reduced  >70%  to  cause  severe  ATP  depletion 
[39]  and  that,  in  contrast  to  in  vitro,  in  vivo  MPTP  causes 
only  a  transient  20%  reduction  in  mouse  striatal  and 
midbrain  ATP  levels  [40].  This  raises  the  question  as  to 
whether  MPP+-related  ATP  deficit  can  be  the  sole  factor 
underlying  MPTP-induced  dopaminergic  neuronal  death. 
Another  consequence  of  complex  I  inhibition  by  MPP+  is 
an  increased  production  of  ROS,  especially  of  superoxide 
[41],  that  can  react  with  nitric  oxide  (NO)  produced  in  non- 
dopaminergic  cells  to  form  peroxynitrite,  another  potent 
oxidant.  Although  compelling  evidence  supports  the  notion 
that  the  two  main  mediators  of  MPTP-toxicity,  at  least 
shortly  after  the  toxin  administration,  are  energy  crisis  and 
oxidative  stress  [42,43],  more  recently  it  has  become  appar¬ 
ent  that  MPP+-induced  mitochondrial  dysfunction  is  also 
associated  with  the  activation  of  specific  factors  of  the  apop- 
totic  machinery. 

In  this  review,  we  will  address  each  of  these  deleterious 
molecular  pathways  activated  by  MPP+,  including  some 
that  are  not  illustrated  in  Fig.  2,  such  as  the  implication  of 
dopamine  (DA)  autooxidation  and  the  role  of  the  pre-synap- 
tic  protein  a: -sy  nuclein. 


Fig.  2.  Mechanisms  of  MPTP  neurotoxicity.  Within  dopaminergic  neurons, 
MPP+  inhibits  enzymes  in  the  mitochondrial  electron  transport  chain, 
resulting  in  ATP  deficit  and  increased  ‘leakage*  of  superoxide  (O2)  from 
the  respiratory  chain.  Superoxide  remains  in  the  cell  in  which  it  is  produced. 
On  the  other  hand,  NO,  which  is  produced  by  nNOS  and  iNOS  outside 
dopaminergic  neurons,  is  membrane-permeable  and  can  diffuse  into  neigh¬ 
boring  neurons.  If  the  neighboring  cell  has  elevated  levels  of  superoxide, 
then  there  is  an  increased  probability  of  superoxide  reacting  with  NO  to 
form  peroxynitrite,  which  can  damage  lipids,  proteins,  and  DNA.  Damaged 
DNA  stimulates  PARS  activity,  which  further  depletes  ATP  stores.  On  the 
other  hand,  MPP+  may  induce  the  release  of  cytochrome  c  from  the  mito¬ 
chondria  to  the  cytosol  where  it  initiates  a  cascade  of  easpase  activation. 
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Dosage:  20  mg/kg  (4  x  at  2  hr  interval) 
Extent  of  cell  death:  70  -  80  % 
Mechanism:  oxidative  stress 
Morphology,  non-apoptotic 


Dosage:  30  mg/kg/day  (1X5  days) 

Extent  of  cell  death:  30  -  50  % 

Mechanism:  activation  of  genetic  programs 
Morphology,  apoptotic 


Fig.  3.  Main  regimens  of  MPTP  administration  in  mice. 


4.  Regimens  of  MPTP  intoxication 

In  the  recent  years,  two  different  regimens  of  MPTP 
administration  have  been  widely  used  in  mice  (Fig.  3). 
The  first  one,  called  ‘acute,’  consists  of  four  intraperitoneal 
injections  of  MPTP  (20  mg/kg)  in  saline  at  2  h  intervals 
within  a  single  day.  This  regimen  of  MPTP  administration 
produces  a  70-80%  loss  of  SNpc  dopaminergic  cells  by  a 
mechanism  mainly  involving  oxidative  stress,  which  is 
associated  with  a  non-apoptotic  morphology  of  cell  death 
[44]  The  second  regimen  of  MPTP  administration,  called 
‘sub-acute,’  consists  of  one  intraperitoneal  injection  of 
MPTP  per  day  (30  mg/kg/day)  for  5  consecutive  days. 
The  extent  of  SNpc  dopaminergic  cell  loss  reached  with 
this  regimen  is  about  30-50%,  by  a  mechanism  mainly 
involving  apoptosis  [45,46].  Indeed,  this  specific  regimen 
leads  to  a  dopaminergic  cell  death  with  morphological 
features  of  shrinkage  of  cell  body,  chromatin  condensation, 
and  the  presence  of  distinct,  round,  well  defined  chromatin 
clumps,  all  of  which  are  consistent  with  those  neurons  being 
apoptotic  [47].  For  the  acute  regimen,  cell  death  peaks  at 
day  2  after  MPTP  intoxication,  as  evidenced  by  assessing 
the  number  of  degenerating  silver-positive  cells  in  the 
SNpc,  and  the  lesion  is  stabilized  by  day  7  [44].  For  the 
sub-acute  regimen,  the  peak  of  cell  death  appears  at  day  4 
after  the  last  MPTP  injection,  as  assessed  by  counting  the 
number  of  apoptotic  cells  in  the  SN,  and  the  lesion  progres¬ 
sively  stabilizes  by  day  21  [46].  Traditionally,  the  acute 
regimen  has  been  used  mainly  to  address  questions  related 
to  the  involvement  of  oxidative  stress  in  MPTP-induced  cell 
death,  whereas  the  sub-acute  regimen  has  been  used  to  study 
the  implication  of  the  molecular  pathways  of  apoptosis  in 
MPTP-induced  dopaminergic  neurodegeneration.  It  remains 


to  be  determined,  however,  if  there  is  an  overlap  of  the 
molecular  mechanisms  induced  by  these  two  different  regi¬ 
mens  of  MPTP  intoxication. 


5.  MPTP,  superoxide  and  nitric  oxide 

The  importance  of  MPP+ -related  superoxide  production 
in  dopaminergic  toxicity  process  in  vivo  is  demonstrated  by 
the  fact  that  transgenic  mice  with  increased  brain  activity  of 
copper/zinc  superoxide  dismutase  (SOD1)  are  significantly 
more  resistant  to  MPTP-induced  dopaminergic  toxicity  than 
their  non-transgenic  littermates  [23].  This  finding  strongly 
suggests  that  superoxide  radical  plays  a  pivotal  role  in  the 
MPTP  neurotoxic  process.  However,  superoxide  is  poorly 
reactive,  and  it  is  the  general  consensus  that  this  radical  does 
not  cause  serious  direct  injury  [48].  Instead,  superoxide  is 
believed  to  exert  many  or  most  of  its  toxic  effects  through 
the  generation  of  other  reactive  species  such  as  hydroxyl 
radical,  whose  oxidative  properties  can  ultimately  kill 
cells  [48].  For  instance,  superoxide  facilitates  hydroxyl  radi¬ 
cal  production  by  hydrogen  peroxide  and  transitional  metals 
such  as  iron  (i.e.  Fenton  reaction)  [48].  Although  this  reac¬ 
tion  can  readily  take  place  in  vitro,  its  occurrence  in  vivo  is 
subordinate  to  such  factors  as  low  pH  [49].  Despite  this 
unfavorable  pH  constraint,  MPTP  does  stimulate  the  forma¬ 
tion  of  hydroxyl  radicals  in  vivo,  as  evidenced  by  the 
increase  in  the  hydroxyl  radical-dependent  conversion  of 
salicylate  into  2,3-  and  2,5-dihydroxy-benzoates  [24,50]. 
Still,  there  is  no  convincing  demonstration  that  the  produced 
hydroxyl  radical  actually  causes  oxidative  damage  in  the 
MPTP  model  [51]. 

Superoxide  can  also  react  with  NO  to  produce  peroxyni- 
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trite  (Fig,  2),  another  potent  oxidant  [52],  At  physiological 
pH  and  in  aqueous  milieu,  this  reaction  proceeds  five  times 
faster  than  the  decomposition  of  superoxide  by  SOD  [53], 
The  intracellular  concentration  of  SOD1  is  estimated  at  10- 
40  |xM  [54],  Thus,  NO  concentration  has  to  be  -10  pM  for 
peroxynitrite  formation  to  be  competitive,  which  is  not 
unrealistic  as  NO  production  at  the  cellular  level  is  esti¬ 
mated  at  1-10  jxM  [52],  The  situation  is  different,  however, 
for  superoxide,  whose  basal  intracellular  concentration  is 
low  [55],  Thus,  under  normal  conditions,  superoxide  is 
limiting,  and  it  is  likely  that  minimal  peroxynitrite  forma¬ 
tion  occurs.  Conversely,  in  pathological  conditions,  should 
superoxide  concentrations  increase,  as  in  response  to  MPTP 
administration,  formation  of  appreciable  amounts  of  perox¬ 
ynitrite  is  expected.  In  light  of  this  and  of  our  previous  work 
on  superoxide  [23],  we  [56]  and  others  [24,25]  have 
assessed  the  role  of  NO  in  the  MPTP  neurotoxic  process. 
These  studies  show  that  inhibition  of  NO  synthase  (NOS) 
attenuates,  in  a  dose-dependent  fashion,  MPTP-induced 
striatal  dopaminergic  loss  in  mice  [24,56],  We  also  demon¬ 
strate  that  7-nitroindazole  (7-NI),  a  compound  that  inhibits 
NOS  activity  without  significant  cardiovascular  effects  in 
mice  [57],  is  profoundly  neuroprotective  against  MPTP- 
induced  SNpc  dopaminergic  neuronal  death  [56],  The 
protective  effect  of  the  NOS  antagonist  7-NI  against 
MPTP-induced  striatal  and  SNpc  dopaminergic  damage 
was  subsequently  demonstrated  in  monkeys  [25],  Because 
7-NI  also  blocks  MAO-B  [58],  at  least  part  of  the  reported 
protection  must  be  due  to  that  effect  [59],  The  neuroprotec¬ 
tion  of  the  pharmacological  inhibition  of  NOS  in  the  mouse 
MPTP  model  has  been  subsequently  confirmed  thanks  to  the 
use  of  new  and  'cleaner’  NOS  antagonist  [60], 

However,  NOS  which  produces  NO,  has,  thus  far,  not 
been  identified  inside  dopaminergic  neurons  in  rodents; 
although  this  needs  to  be  confirmed,  low  levels  of  NOS 
might  be  present  in  dopaminergic  neurons  in  humans  [61], 
In  contrast  to  their  lack  of  NOS,  at  least  in  rodents,  dopa¬ 
minergic  structures  are  surrounded  by  NOS-containing 
fibers  and  cell  bodies  in  the  striatum,  and,  to  a  much  lesser 
extent,  in  the  SNpc  [61,62],  Because  NO  is  uncharged  [63], 
it  is  able  to  travel  away  from  its  site  of  synthesis  and  inflict 
remote  cellular  damage  without  the  need  for  any  export 
mechanisms.  It  is  suggested  that  NO,  which  is  highly  diffu¬ 
sible,  can  travel  in  random  directions  up  to  150-300  jutm 
during  the  5-15  s  that  correspond  to  its  estimated  half-life  in 
physiological  aqueous  conditions  [63].  Although  this 
modeling  may  depart  from  the  actual  in  vivo  situation 
encountered  by  a  molecule  of  NO,  it  gives  credence  to  the 
hypothesis  that  NO  can  cover  a  distance  several  times 
greater  than  the  diameter  of  a  dopaminergic  neuron.  We 
are  thus  speculating  that  the  NO  production  involved  in 
MPTP  toxicity  takes  place  in  non-dopaminergic  cells 
present  in  the  vicinity  of  dopaminergic  structures. 

Another  question  pertinent  to  the  origin  of  NO  in  the 
MPTP  model  is  which  isoforms  of  NOS  are  primarily 
involved  in  this  process.  To  date,  three  distinct  NOS  isoen¬ 


zymes  have  been  purified  and  molecularly  cloned;  neuronal 
NOS  (nNOS),  inducible  NOS  (iNOS),  and  endothelial  NOS 
(eNOS).  Since  all  three  isoforms  of  NOS  have  been  identi¬ 
fied  in  the  brain,  each  of  these  can  individually  or  in  combi¬ 
nation  be  involved  in  the  production  of  NO  used  in  MPTP 
neurotoxic  process. 

Neuronal  NOS  is  the  predominant  isoform  of  NOS  in  the 
brain.  Its  catalytic  activity  and  protein  are  identifiable 
throughout  the  brain  [61,64],  Relevant  to  MPTP,  nNOS  is 
present  in  the  striatum  within  intrinsic  medium-sized 
neurons  co-localizing  somatostatin  and  neuropeptide  Y 
[65].  In  the  midbrain,  nNOS  is  found  in  cholinergic  neurons 
and  within  serotoninergic  fibers  [62,65],  Thus,  both  by  its 
abundance  and  its  localization,  nNOS  appears  to  be  an 
excellent  candidate  for  producing  NO  for  MPTP.  In  agree¬ 
ment  with  this  is  our  demonstration  that  mutant  mice  defi¬ 
cient  in  nNOS  are  partially  protected  against  MPTP-induced 
striatal  dopaminergic  toxicity  [56].  The  finding  that  mice  are 
better  protected  by  the  NOS  antagonist  7-NI  than  by  the  lack 
of  nNOS  expression  suggests  that,  although  nNOS  is  impor¬ 
tant,  it  may  not  be  the  sole  isoform  of  NOS  that  is  involved 
in  this  neurotoxic  process. 

In  the  normal  brain,  iNOS  is  not  detectable  [66]  nor  is  it 
minimally  expressed  [67],  However,  under  pathological 
conditions,  iNOS  expression  can  significantly  increase  in 
activated  astrocytes  as  well  as  in  other  cells  such  as  micro¬ 
glia  [68]  and  invading  macrophages.  Consistent  with  this, 
we  have  found  that,  early  in  the  course  of  MPTP-induced 
dopaminergic  neuron  degeneration,  there  is  an  increase  in 
midbrain  iNOS  activity  within  glial  cells  [69],  Changes  in 
iNOS  activity  are  already  substantial  24  h  after  MPTP 
administration,  which  precedes  the  peak  of  dopaminergic 
neurodegeneration  [44],  Therefore,  NO  derived  from 
iNOS  is  likely  minimal  in  normal  brains,  but  may  become 
increasingly  substantial  as  MPTP-induced  dopaminergic 
neurodegeneration  progresses.  Accordingly,  iNOS  may 
not  play  a  significant  role  in  the  initiation  of  the  MPTP 
toxic  process,  but  may  amplify  it  and  assure  its  propagation 
by  fueling  dopaminergic  neurons  with  increasing  amounts 
of  NO.  In  agreement  with  this,  we  have  shown  that  iNOS- 
defieient  animals  are  more  resistant  to  the  neurotoxic  effect 
of  MPTP  than  their  wild-type  littermates  [69]. 

The  third  isoform  of  NOS  (eNOS)  is  highly  expressed  in 
the  endothelium  of  blood  vessels,  including  those  in  the 
SNpc  in  close  proximity  to  dopaminergic  cells.  However, 
in  our  experience,  it  appears  that  ablation  of  eNOS  has  no 
bearing  on  MPTP-induced  neurotoxicity. 


6.  MPTP  and  tyrosine  nitration 

In  light  of  the  above,  it  appears  that,  since  they  are  weak 
oxidants,  neither  superoxide  nor  NO  is,  by  itself,  sufficiently 
damaging  to  participate  directly  in  the  MPTP  toxic  process. 
In  contrast,  we  have  also  presented  above  different  argu¬ 
ments  supporting  peroxynitrite  in  this  role.  The  versatility 
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of  peroxynitrite  as  an  oxidant  is  impressive  [70,71].  For 
instance,  an  important  aspect  of  peroxynitrite’ s  deleterious 
action  is  the  oxidation  of  phenolic  rings  in  proteins,  and,  in 
particular,  of  tyrosine  residues  [72],  to  form  nitrotyrosine  as 
the  most  important  product  [73].  As  such,  detection  and 
quantification  of  nitrotyrosine  are  important  indirect 
evidence  that  peroxynitrite  is  involved  in  a  pathological 
process.  Relevant  to  the  participation  of  peroxynitrite  in 
the  MPTP  model,  it  has  been  demonstrated  that  MPTP 
significantly  increases  striatal  levels  of  both  free  and 
protein-bound  nitrotyrosine  in  mice  [24,51].  Notably, 
stereotaxic  injection  of  free  nitrotyrosine  causes  striatal 
neurodegeneration  in  vivo  [74]. 

Aside  from  its  role  as  a  marker,  nitrotyrosine  can  be  a 
harmful  modification  as  it  can  inactivate  enzymes  and 
receptors  that  depend  on  tyrosine  residues  for  their  activity 
[75,76]  and  prevent  phosphorylation  of  tyrosine  residues 
important  for  signal  transduction  [77,78].  This  described 
cascade  of  events  appears  quite  relevant  to  MPTP’s  mode 
of  action  as  we  have  demonstrated  that,  following  MPTP 
administration  to  mice,  not  only  do  both  striatal  and 
midbrain  levels  of  nitrotyrosine  increase  in  a  time-depen¬ 
dent  fashion,  but  tyrosine  hydroxylase  (TH),  the  rate-limit¬ 
ing  enzyme  in  dopamine  synthesis,  becomes  inactivated  via 
a  process  that  involves  nitration  of  its  tyrosine  residues  [79]. 


7.  MPTP,  DNA  damage  and  poly(ADP-ribose) 
polymerase 

Thus  far,  the  lion’s  share  of  attention  has  been  given  to 
the  effects  on  proteins  of  reactive  species  produced  after 
MPTP  administration.  However,  as  stated  above,  most  of 
the  reactive  species,  like  peroxynitrite,  that  may  be  impli¬ 
cated  in  the  MPTP  model,  can  damage,  through  oxidative 
processes,  many  vital  cellular  elements  other  than  proteins 
[48].  Among  these,  DNA  is  of  unique  importance,  because  it 
is  the  repository  for  genetic  information  and  is  present  in 
single  copies.  Oxidants  like  peroxynitrite  can  cause  a  range 
of  DNA  damage  [48].  For  example,  DNA  exposed  to  perox¬ 
ynitrite  produces  8-hydroxyguanine  and  8-hydroxydeoxy- 
guanosine,  two  modifications  whose  levels  seem  increased 
in  midbrain  of  post-mortem  PD  brains  compared  to  normal 
controls  [80,81].  Because  peroxynitrite  can  nitrate  the 
aromatic  group,  it  can  also  stimulate  the  formation  of  8- 
nitrodeoxyguanosine  [82],  Finally,  intact  cells  exposed  to 
peroxynitrite  exhibit  a  dose-dependent  increase  in  DNA 
single  strand  breakage  [83],  which  is  another  important 
type  of  DNA  alteration.  In  light  of  the  proposed  oxidant 
species  involved  in  MPTP  neurotoxicity,  all  of  the  afore¬ 
mentioned  DNA  modifications  can  possibly  occur  in  this 
model,  as  well  as  in  PD.  However,  despite  the  potential 
pathological  role  of  DNA  damage,  to  date  we  are  not 
aware  of  any  published  study  on  this  process  in  the  MPTP 
model.  Nevertheless,  we  have  preliminary  data  indicating 
that  MPTP  does  indeed  cause  conspicuous  DNA  damage 


such  as  strand  breaks  in  SNpc  neurons  of  MPTP-treated 
mice  (S.  Przedborski  and  M.F.  Chesselet,  personal  observa¬ 
tion).  Although  all  of  the  mentioned  modifications  are 
potentially  mutagenic  and  thus  likely  harmful,  strand  break¬ 
age  is  especially  evil  because  of  its  link  to  the  enzyme 
poly(ADP-ribose)  polymerase  (PARP).  Indeed,  DNA  single 
strand  breakage  is  an  obligatory  trigger  of  the  activation  of 
PARP,  a  phenomenon  that  we  believe,  for  the  reasons  that 
follow,  to  be  a  major  factor  in  the  overall  MPTP-induced 
cascade  of  deleterious  events.  Thus  far,  the  actual  functions 
of  PARP  remain  uncertain,  and  data  obtained  with  cell-free 
systems  and  cells  from  PARP  knockout  mice  suggest  that, 
contrary  to  the  common  belief,  PARP  would  not  have  a 
direct  role  in  DNA  repair  mechanisms  [84,85].  On  the 
other  hand,  it  is  clear  that  the  activation  of  PARP  results 
in  the  cleavage  of  NAD+  into  ADP-ribose  and  nicotina¬ 
mide,  both  in  vitro  and  in  vivo  [84,85].  In  turn,  PARP  cova¬ 
lently  attaches  ADP-ribose  to  diverse  proteins,  including 
nuclear  proteins,  histones,  and  PARP  itself.  PARP  then 
extends  the  initial  ADP-ribose  groups  into  a  nucleic  acid 
group-like  polymer,  poly(ADP-ribose).  It  is,  therefore, 
manifest  that  PARP  activation,  by  synthesizing  poly(ADP- 
ribose)  polymer,  can  rapidly  deplete  intracellular  stores  of 
NAD+  which  may  impair  glycolysis  and  mitochondrial 
electron  transport  chain  activities,  and,  consequently,  ATP 
formation  [84,85].  This  PARP-dependent  cascade  of  events 
could  play  a  critical  role  in  the  demise  of  the  SNpc  dopa¬ 
minergic  neurons  as  suggested  by  in  vitro  and  in  vivo  data 
[82,86,87].  This  scenario  may  be  even  more  significant  if,  as 
in  the  case  of  the  MPTP  model,  the  production  of  ATP  in 
SNpc  dopaminergic  neurons  is  already  compromised  due  to 
the  inhibition  of  the  mitochondrial  complex  I  by  MPP+  [40]. 
In  favor  of  the  importance  of  PARP  activation  in  the  MPTP 
acute  neurotoxic  process  in  vivo  is  our  demonstration  that 
PARP  is  intensely  activated  following  MPTP  administration 
and  that  mutant  mice  deficient  in  PARP  are  more  resistant  to 
MPTP-induced  dopaminergic  neuronal  death  [88]. 


8.  MPTP  and  inflammation 

The  loss  of  dopaminergic  neurons  in  the  MPTP  mouse 
model  and  in  PD  is  associated  with  a  glial  response 
composed  mainly  of  activated  microglial  cells  and,  to  a 
lesser  extent,  of  reactive  astrocytes  [89].  This  glial  response 
in  the  SNpc  is  fairly  similar  between  humans  with  PD  and 
those  intoxicated  by  MPTP,  although  a  more  significant 
astrocytic  reaction  is  seen  in  the  latter  [11].  From  a  neuro- 
pathological  standpoint,  microglial  activation  is  indicative 
of  an  active,  ongoing  process  of  cell  death.  While  the 
presence  of  activated  microglia  in  PD  is  consistent  with 
the  fact  that  PD  is  a  progressive  condition,  their  demonstra¬ 
tion  in  postmortem  samples  from  MPTP-intoxicated  indivi¬ 
duals  who  came  to  autopsy  several  decades  after  being 
exposed  to  the  toxin  [11],  challenges  the  notion  that 
MPTP  produces  a  ‘hit-and-run’  kind  of  damage.  Conver- 
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sely,  this  important  observation  [11]  suggests  that  a  single 
acute  insult  to  the  SNpc  by  MPTP  could  set  in  motion  a  self- 
sustained  cascade  of  events  with  long-lasting  deleterious 
effects.  Looking  at  mice  injected  with  MPTP  and  killed  at 
different  time  points  thereafter,  it  appears  that  the  time 
course  of  reactive  astrocyte  formation  parallels  that  of  dopa¬ 
minergic  structure  destruction  in  both  the  striatum  and  the 
SNpc,  and  that  GFAP  expression  remains  up-regulated  even 
after  the  main  wave  of  neuronal  death  has  passed  [69,90,91]. 
These  findings  suggest  that,  in  the  MPTP  mouse  model  [92], 
the  astrocytic  reaction  is  secondary  to  the  death  of  neurons 
and  not  the  reverse.  This  is  supported  by  the  demonstration 
that  blockade  of  MPP+  uptake  into  dopaminergic  neurons 
completely  prevents  not  only  SNpc  dopaminergic  neuronal 
death  but  also  GFAP  up-regulation  [93].  Remarkably,  acti¬ 
vation  of  microglial  cells,  which  is  also  quite  strong  in  the 
MPTP  mouse  model  [69,90,91,94],  occurs  much  earlier  than 
that  of  astrocytes  and,  more  importantly,  reaches  a  maxi¬ 
mum  before  the  peak  of  dopaminergic  neurodegeneration 
[69].  In  light  of  the  MPTP  data  presented  above,  it  can  be 
surmised  that  the  response  of  both  astrocytes  and  microglial 
cells  in  the  SNpc  clearly  occurs  within  a  timeframe  allowing 
these  glial  cells  to  participate  in  the  demise  of  dopaminergic 
neurons  in  the  MPTP  mouse  model  and  possibly  in  PD. 
Activated  microglial  cells  can  produce  a  variety  of  noxious 
compounds  including  ROS,  reactive  nitrogen  species 
(RNS),  pro-inflammatory  cytokines  and  prostaglandins. 
The  latter  along  with  their  synthesizing  enzymes,  such  as 
cyclooxygenase  type-2  (Cox-2),  have  emerged  as  an  impor¬ 
tant  determinant  of  cytotoxicity  associated  with  inflamma¬ 
tion  [95,96].  In  the  normal  brain,  Cox-2  is  significantly 
expressed  only  in  specific  subsets  of  forebrain  neurons 
that  are  primarily  glutamatergic  in  nature  [97],  which 
suggests  a  role  for  Cox-2  in  the  postsynaptic  signaling  of 
excitatory  neurons.  However,  under  pathological  condi¬ 
tions,  especially  those  associated  with  a  glial  response, 
Cox-2  expression  in  the  brain  can  increase  significantly, 
as  does  the  level  of  its  products  (e.g.  prostaglandin  E2), 
which  are  responsible  for  many  of  the  cytotoxic  effects  of 
inflammation.  Interestingly,  Cox-2  promoter  shares  many 
features  with  iNOS  promoter  [98]  and  thus,  these  two 
enzymes  are  often  co-expressed  in  disease  states  associated 
with  gliosis.  Therefore,  it  is  not  surprising  to  find  Cox-2  and 
iNOS  expressed  in  SNpc  glial  cells  of  post-mortem  PD 
samples  [99];  PGE2  content  is  also  elevated  in  SNpc  from 
PD  patients  [100].  Of  relevance  to  the  potential  role  of 
prostaglandin  in  the  pathogenesis  of  PD,  is  the  demonstra¬ 
tion  that  the  pharmacological  inhibition  of  both  Cox-2  and 
Cox-1  attenuates  MPTP  toxicity  in  mice  [101]. 


9.  MPTP  and  dopamine  oxidation 

The  mitochondria  is  a  well  recognized  site  of  ROS 
production,  making  this  organelle  likely  instrumental  in 
MPTP-mediated  oxidative  damage  to  SNpc  dopaminergic 


neurons.  However,  for  many  years  the  notion  that  ROS  can 
also  emanate  from  the  cytosol  of  dopaminergic  neurons  as  a 
result  of  dopamine  autooxidation  [102],  has  been  over¬ 
looked  or  underestimate  by  most  investigators  in  the  field. 
Relevant  to  this  are  the  demonstrations  that  MPP+  induces, 
both  in  vivo  and  in  vitro,  a  massive  and  rapid  outflow  of 
dopamine  from  intracellular  pools  [103-108].  This  phenom¬ 
enon  raises  the  possibility  that,  following  MPTP  adminis¬ 
tration,  intracellular  dopamine  oxidation  may  represent  a 
significant  source  of  ROS  of  possibly  even  greater  magni¬ 
tude  than  that  originating  from  the  mitochondrial  dysfunc¬ 
tion.  In  support  of  this  view,  cultured  ventral  mesencephalic 
murine  neurons  exposed  to  MPP+  exhibit  a  massive  displa¬ 
cement  of  dopamine  from  synaptic  vesicles  to  the  cytosol 
[109],  By  depleting  both  stored  and  newly  synthesized 
dopamine  using  the  YMAT  blocker  reserpine  and  the  TH 
inhibitor  a-methylparatyrosine,  MPP+-induced  ROS 
formation  is  prevented  and  cell  death  attenuated.  These 
results  indicate  that,  in  vitro,  MPP+-induced  ROS  formation 
may  not  only  originate  from  the  mitochondria  but  also  from 
dopamine  oxidation  within  the  cytosol. 


10,  MPTP  and  of-synuclein 

The  potential  role  of  a-synuclein  in  the  pathophysiology 
of  PD  has  attracted  a  great  deal  of  attention  since:  (i)  muta¬ 
tions  in  the  a-synuclein  gene  have  been  found  to  be  respon¬ 
sible  for  a  rare  familial  form  of  PD  that  is  clinically  and 
pathologically  indistinguishable  from  the  most  common 
sporadic  form  of  the  disease  [1 10,1 1 1];  and  (ii)  a-synuclein 
has  been  identified  as  a  major  component  of  Lewy  bodies, 
one  of  the  pathologic  hallmarks  of  PD  [1 12].  Cytotoxicity  of 
mutant  a-synuclein  is  likely  related  to  the  fact  that  both  of 
the  identified  point  mutations  may  enhance  the  propensity  of 
a-synuclein  to  interact  with  other  intracellular  proteins  and 
increase  its  tendency  to  aggregate  [113-118].  a-Synuclein 
mutations  are  not  found  in  sporadic  PD,  raising  the  hypoth¬ 
esis  that  effects  similar  to  those  of  familial  PD-linked  a- 
synuclein  mutations  may  be  achieved  by  oxidative  post- 
translational  modifications.  In  this  context,  we  have  shown 
that  wild-type  a-synuclein  is  a  selective  target  for  nitration 
following  peroxynitrite  exposure  of  stably  transfected 
HEK293  cells  [119],  Moreover,  nitration  of  a-synuclein, 
but  not  of  /3-sy nuclein  or  synaptophysin,  occurs  in  the 
mouse  striatum  and  ventral  midbrain  following  an  acute 
administration  of  MPTP  [119].  This  data  demonstrate  that 
a-synuclein  is  a  specific  target  for  MPTP-induced  oxidative 
attack,  which  may  disrupt  its  biophysical  properties  by  tyro¬ 
sine  nitration.  According  to  this  hypothesis,  it  has  been 
shown  that  nitrated  a-synuclein  is  present  in  the  Lewy 
bodies  of  PD  and  other  Lewy  body  disorders  and  in  the 
major  filamentous  building  blocks  of  these  inclusions,  as 
well  as  in  the  insoluble  fractions  of  the  affected  brain 
regions  [120]. 

Even  if  after  MPTP  administration  in  mice  there  is  no 
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formation  of  intracellular  inclusions,  we  have  shown  that  a- 
synuclein  is  up-regulated  and  accumulated  into  the  cytosol 
of  dopaminergic  neurons  after  a  sub-acute  MPTP  intoxica¬ 
tion  to  mice  [121].  Similar  results  have  been  found  in 
MPTP-intoxicated  primates  [119].  As  we  will  discuss 
later,  the  sub-acute  regimen  of  MPTP  intoxication  in  mice 
induces  translocation  of  cytochrome  c  from  the  mitochon¬ 
dria  to  the  cytosol  (M.  Vila  and  S.  Przedborski,  personal 
observation).  In  connection  with  this  is  the  observation 
cytochrome  c  induces  a-synuclein  aggregation  in  vitro 
[122,123].  It  is  thus  possible  that  upon  the  released  cyto¬ 
chrome  c  in  the  cytosol  of  dopaminergic  cells,  accumulation 
and  subsequent  aggregation  of  a-synuclein  occur. 

Taken  together,  these  results  indicate  that  a-synuclein  is 
post-translationally  modified  by  oxidative  stress  after  MPTP 
intoxication,  which  probably  results  in  structural  modifica¬ 
tions  of  this  protein  that  may  increase  its  tendency  to  aggre¬ 
gate.  In  this  context,  it  is  interesting  to  note  that 
overexpression  of  a-synuclein  per  se  does  not  have  a  patho¬ 
logical  effect  on  SNpc  dopaminergic  cells  in  vivo  [124— 
127].  These  results  suggest  that  a-synuclein  needs  to  be 
post-translationally  modified  (either  by  oxidative  stress,  in 
sporadic  PD,  or  by  a  point  mutation,  in  the  familial  forms  of 
PD  with  a-synuclein  mutations)  in  order  to  acquire  its 
pathological  properties,  likely  involving  its  aggregation 
and  the  formation  of  intracellular  inclusions. 


11.  MPTP  and  apoptosis 

Mounting  evidence  indicates  that  highly  regulated  cell 
death-associated  molecular  pathways  could  participate  in 
the  relentless  demise  of  neurons  in  PD  [47].  As  mentioned 
earlier,  a  sub-acute  regimen  of  MPTP  administration  in 
mice  induces  activation  of  the  apoptotic  molecular  path¬ 
ways.  The  first  observation  that  apoptotic  cell  death  occurs 
after  MPTP  administration  was  made  by  visualizing 
clumped  chromatin,  an  indication  of  apoptosis,  by  terminal 
deoxynucleotidyl  transferase  labeling  (TUNEL)  and  acri¬ 
dine  orange  staining  [45].  Subsequent  studies  have  impli¬ 
cated  different  molecular  factors  of  the  apoptotic  pathways 
in  the  mechanisms  of  MPTP  neurotoxicity.  For  example,  we 
demonstrated  that  the  pro-apoptotic  protein  Bax  plays  a  key 
role  in  the  MPTP  neurotoxic  process  [46].  Bax  is  highly 
expressed  in  dopaminergic  cells  of  the  SNpc,  in  both  mito¬ 
chondria  and  cytosol.  After  a  sub-acute  MPTP  administra¬ 
tion,  Bax  mRNA  and  protein  are  strongly  upregulated 
[46,128].  At  the  same  time,  anti-apoptotic  molecules,  such 
as  Bcl-2,  are  downregulated  in  the  ventral  midbrain  after 
MPTP  intoxication,  with  a  resulting  increased  pro-cell  death 
conformation  of  Bax  [46],  The  upregulation  of  Bax  is  asso¬ 
ciated  with  the  release  of  cytochrome  c  from  the  mitochon¬ 
dria  to  the  cytosol  (M.  Vila  and  S.  Przedborski,  personal 
observation)  which  may  well  account  for  the  activation  of 
the  downstream  executioner  caspase-3  [129].  The  pivotal 
role  of  Bax  in  MPTP-induced  neurotoxicity  is  illustrated 


by  the  fact  that  ablation  of  Bax  in  mutant  animals  attenuates 
cytochrome  c  release  and  caspase-3  activation  (M.  Vila  and 
S.  Przedborski,  personal  observation),  and  prevents  dopami¬ 
nergic  cell  death  after  MPTP  [46].  Consistent  with  this 
scenario,  overexpression  of  the  anti-apoptotic  Bcl-2  also 
protects  dopaminergic  cells  against  MPTP-induced  neuro¬ 
degeneration  [130,131].  Similarly,  adenovirus-mediated 
transgene  expression  of  the  X-chromosome-linked  inhibitor 
of  apoptosis  protein  (XIAP),  a  inhibitor  of  executioner 
caspases  such  as  caspase-3,  also  blocks  the  death  of  dopa¬ 
minergic  neurons  in  the  SNpc  following  the  administration 
of  MPTP  [132,133].  Other  caspases  are  also  activated  in 
MPTP-intoxicated  mice  and  in  PD  patients,  such  as 
caspase-8,  which  is  a  proximal  effector  of  the  tumor  necrosis 
factor  receptor  family  death  pathway  [134].  Other  observa¬ 
tions  supporting  a  role  of  apoptosis  in  MPTP  neurotoxic 
process  include  the  demonstration  of  the  resistance  of 
mutant  mice  deficient  in  p53  [135],  a  cell  cycle  control 
gene  involved  in  programmed  cell  death,  or  of  mice  treated 
with  inhibitors  of  c-Jun  N-terminal  kinases  [136,137]. 

12.  Conclusions 

The  current  understanding  of  the  MPTP  mode  of  action 
proposes  that  MPP+  causes  mitochondrial  dysfunction, 
oxidative  stress,  energetic  failure  and  activation  of  genetic 
programs  leading  to  cell  death.  Oxidative  stress  mediated  by 
superoxide  and  NO  leads  to  damage  of  proteins,  lipids,  and 
DNA,  all  contributing  to  major  cellular  dysfunctions.  In 
addition,  DNA  damage  leads  to  activation  of  PARP, 
which  aggravates  the  already  reduced  pool  of  ATP  due  to 
the  blockade  of  complex  I  by  MPP+.  This  will  impair 
numerous  vital  cellular  reactions  that  are  ATP-dependent. 
Subsequently,  oxidative  stress-  and  energy  failure-related 
damage  affect  the  cell’s  ability  to  maintain  intracellular 
potential,  leading  to  the  death  of  the  neurons.  On  the  other 
hand,  MPP+  induces  the  activation  of  molecular  pathways 
of  apoptosis.  The  recruitment  of  the  mitochondrial-depen- 
dent  apoptotic  factors  seems  to  play  a  pivotal  role,  with 
caspase-3  as  the  main  executioner  of  cell  death.  Finally, 
‘the  two  new  kids  on  the  block’  namely  autooxidation  of 
dopamine  and  accumulation  of  a-synuclein,  appear  to  also 
participate  in  a  significant  fashion  in  the  MPTP  neurotoxic 
process.  Because  of  the  close  similarity  between  PD  and  the 
MPTP  model,  it  is  likely  that  a  similar  cascade  of  deleter¬ 
ious  events  underlies  the  pathogenesis  of  PD. 
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Parkinson’s  disease  (PD)  is  a  common  neurode- 
generative  disorder  whose  cardinal  features  in¬ 
clude  tremor,  slowness  of  movement,  stiffness, 
and  poor  balance  (1).  Most,  if  not  all,  of  these 
disabling  symptoms  are  secondary  to  a  pro¬ 
found  reduction  in  striatal  dopamine  content, 
caused  by  the  loss  of  dopaminergic  neurons  in 
the  substantia  nigra  parsxompacta  (SNc)  and  of 
their  projecting  nerve  fibers  in  the  striatum 
(2,3).  Although  several  approved  drugs  do  alle¬ 
viate  PD  symptoms,  their  chronic  use  is  often 
associated  with  debilitating  side  effects  (4),  and 
none  seems  to  dampen  the  progression  of  the 
diiease.  Moreover,  the  development  of  effective 
Preventive  or  protective  therapies  is  impeded  by 
^limited  knowledge  of  the  cause  (i.e.,  etiol- 
frnd  mechanisms  (i.e.,  pathogenesis)  by 
^  dopaminergic  neurons  die  in  PD. 

®jpugh  neither  the  etiology  nor  the  patho- 
TSofPD  has  yet  been  elucidated,  this  last 
te  has  witnessed  an  explosion  of  invalu- 
If^arch,  which  unquestionably  has  pro- 
H^ntical  insights  into  our  current  under- 
P  of  this  illness.  Accordingly,  in  this 
fcwe  give  an  overview  of  what  we  be- 
j|Jke  key  findings  of  the  past  1 0  years  in 
h ak°  try  to  place  each  of  these 
fithin  the  context  of  what  appears  to 
^  to  date,  the  direction  in  which  the 
|L  research  seems  to  be  evolving.  One 


caveat  of  our  approach  resides  in  the  fact  that 
the  goal  of  this  chapter  is  to  provide  a  “flavor” 
for  the  field  of  PD  research  rather  than  a  com¬ 
prehensive  review.  Therefore,  the  reader  must 
be  aware  that  only  selected  aspects  of  the  re¬ 
search  performed  in  PD  are  reviewed  and  dis¬ 
cussed.  Along  this  line,  the  reader  should  also 
know  that  this  chapter  does  not,  except  inciden¬ 
tally,  review  the  large  core  of  research  dealing 
with  “symptomatic  therapies,”  whether  the  ap¬ 
proach  is  pharmacological  or  surgical,  which 
are  discussed  elsewhere  in  this  book. 

ETIOLOGY  OF  PD 

If  the  goal  is  to  prevent  PD  and  to  diagnose 
it  before  any  actual  neurodegeneration  occurs, 
then  we  must  unravel  the  etiology  of  this  dis¬ 
order.  For  many  years,  the  two  main  hypothe¬ 
ses  for  the  etiology  of  PD  that  have  prevailed 
have  been  the  toxic  and  the  genetic  hypothe¬ 
ses.  As  we  will  see,  there  is  supportive  evi¬ 
dence  for  both  hypotheses,  and  neither  one  is 
exclusive  of  the  other. 


Toxic  Hypothesis 

According  to  this  hypothesis,  it  is  proposed 
that  a  deleterious  compound  may  be  present  in 
our  environment,  even  in  low  amounts,  and 
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that  over  time  it  may  accumulate  in  our  organ-  t 
ism  and  ultimately  reach  a  threshold  level  that  I 
will  cause  it  to  unleash  its  damaging  properties  t 
against  the  dopaminergic  system.  A  significant  1 
support  for  an  “exogenous  or  environmental  t 
toxin”  has  been  provided  by  the  discovery  that  i 

l-methyl-4-phenyl-l,2,3,6-tetrahydropyridme  j 

(MPTP)  can  cause  a  parkinsonian  syndrome  in  : 
humans  almost  identical  to  PD  (5).  Also  rele- 
vant  is  the  fact  that  l-methyl-4-phenylpyri- 
dimium  (MPP+),  MPTP’s  active  metabolite, 
has  been  extensively  used  as  an  herbicide  in 
many  countries  around  the  world,  as  has 
paraquat,  which  has  a  striking  structural  simi¬ 
larity  to  MPP+.  Furthermore,  a  rural  environ¬ 
ment  has  often  been  found  to  be  associated 
with  an  elevated  risk  of  PD  (6).  In  keeping  with 
this,  factors  such  as  herbicides,  pesticides,  and 
well  water  have  all  been  incriminated  in  the  oc¬ 
currence  of  PD  (6).  To  date,  it  remains,  how¬ 
ever,  that  despite  all  of  these  supportive  obser¬ 
vations,  no  actual  compound,  related  to  the 
MPTP  family  or  not,  has  been  unequivocally 
linked  to  the  development  of  PD.  Alternatively, 
it  has  also  been  proposed  that  perhaps  the  pu¬ 
tative  parkinsonian  toxin  is  not  exogenous  but 
rather  Is  produced  by  our  own  metabolism,  giv¬ 
ing  rise  to  the  “endogenous  toxin”  hypothesis 
of  PD  (7).  According  to  this  model,  a  noxious 
compound  would  be  produced  in  response  to 
either  a  defective  or  a  variant  metabolic  path¬ 
way.  In  keeping  with  this  view  is  the  sugges¬ 
tion  that  patients  harboring  specific  polymor¬ 
phisms  in  the  gene  encoding  for  the 
cytochrome  P450  may  be  at  greater  risk  of  de¬ 
veloping  young-onset  PD  (8).  Furthermore, 
several  isoquinoline  derivatives,  which  can  kill 
dopaminergic  neurons,  have  been  recovered 
from  the  brains  of  PD  patients  and  thus  are  re¬ 
garded  by  several  experts  as  potential  endoge¬ 
nous  parkinsonian  neurotoxins  (9).  Among 
these,  tetrahydroisoquinoline  (TIQ),  1-benzyl- 
TIQ,  and  (R )- 1 ,2-dimethyl-5 ,6-dihydroxy-TIQ 
have  the  most  potent  neurotoxic  effects  (9). 


Genetic  Hypothesis 

During  the  last  decade,  there  has  been  a 
clear  waning  and  waxing  of  enthusiasm  for 


the  role  of  genetics  in  the  etiology  of  PD. 
However,  during  fee  past  few  years  there  has 
been  an  upsurge  of  interest  in  the  genetics  of 
PD,  triggered  by  several  breakthroughs  ob¬ 
tained  in  familial  forms  of  parkinsonism.  For 
instance,  point  mutations  in  the  a-synuclein 
gene,  located  on  chromosome  4,  have  been 
found  to  cause  an  autosomal  dominant 
parkinsonian  syndrome  (10,1 1).  The  two  mis- 
sense  mutations  identified  thus  far  result  in  a 
single  amino  acid  substitution  in  a-synuclein 
protein,  feat  is,  an  alanine  being  replaced  by  a 
hydrophobic  residue  threonine  at  position  53 
and  by  proline  at  position  30.  Since  the  dis¬ 
covery  of  these  mutations,  data  have  been  ac¬ 
cumulated  suggesting  feat  both  mutations 
may  alter  a-synuclein’s  normal  intracellular 
distribution,  enhance  a-synuclein’s  propen¬ 
sity  to  interact  with  other  intracellular  pro¬ 
teins,  and  increase  a-synuclein’s  disposition 
to  aggregate  and  consequently  to  form  intra¬ 
neuronal  inclusions  (12-16).  However,  thus 
far,  efforts  to  identify  a-synuclein  mutations 
in  sporadic  PD  have  failed  (17-19).  On  the 
other  hand,  in  sporadic  PD,  a-synuclein  has 
been  demonstrated  to  be  a  major  component 
of  fee  intraneuronal  inclusions  Lewy  bodies, 
which  are  a  pathologic  hallmark  of  the  disease 
(20,21).  In  addition,  we  have  recently  demon¬ 
strated  that  a-synuclein  is  up-regulated  in  * 
dopaminergic  neurons  of  fee  SNc  after  MPTP .  n 

■  administration  to  mice  (22).  However,  the  | 

■  normal  function  of  this  protein  and  its  unp«-| 
;  cations  for  fee  pathogenesis  of  PD  remain  to  j 

-  be  determined.  _  I 

The  gene  for  an  autosomal  recessive  for®  | 
1  of  juvenile  parkinsonism  has  also  recently. 

1  been  identified  and  encoded  for  a  proteur 

-  called  parkin  (23).  More  recently,  a  susceptt| 

:-  bility  locus  for  PD  has  been  mapped  to  chrc| 
g  mosome  2pl3  (24),  and  a  point  mutation  J 
[-  fee  gene  encoding  for  a  key  emyme  of  j 
3  ubiquitin  pathway  has  been  identified  in L 

family  with  parkinsonism  (25).  In  light  ofaj 
of  these  discoveries,  we  can  conclude  g 
there  is  increasing  evidence  feat  genetic 
tors  might  play  a  role  in  PD.  However,  v|S 
a  studies  also  show  quite  clearly  that  o  Jji 
or  small  number  of  the  multigenerational  ta|jg 
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j  in  the  cited  investigations  have  con- 
fpathology  of  PD,  and  most  of  the  af- 
Ifamily  members  exhibit  atypical  fea- 
fech  as  an  onset  at  younger  age,  rapid 
gl  and  often  dementia.  Moreover,  the 
pf  inheritance  of  the  parkinsonism 
|  these  families  is  highly  variable,  rang- 
|>m  autosomal  dominant  to  autosomal 
ve  and  even  the  possibility  of  being 
Jlhally  transmitted  (26),  raising  the  poten- 
j|r  of  a  genetic  defect  within  the  mito- 
lldrial  genome.  Because,  to  date,  none  of 
fidentified  mutations  found  in  familial  PD 
Ibeen  identified  in  sporadic  PD,  it  is  likely 
H  these  genetic  alterations  may  account,  at 
1st,  for  a  very  small  fraction  of  PD  patients. 
Ifeyertheless,  these  findings  remain  ex- 
flmely  exciting,  as  they  raise  the  prospect 
that  by  elucidating  the  actual  mechanisms  by 
Iwhich  these  genetic  defects  produce  the 
[demise  of  dopaminergic  neurons  in  familial 
|  forms  of  PD,  they  may  well  shed  light  into  the 
[  etiology  and  pathogenesis  of  sporadic  PD. 

In  our  opinion,  one  of  the  most  damaging 
|  arguments  against  a  pivotal  genetic  compe¬ 
ls  nent  in  the  etiology  of  PD  is  provided  by  the 
t  lack  of  significant  concordance  in  monozy- 
■  gotic  twins  with  classical  PD  (27).  It  remains 
plausible  that  genetics  may  play  a  critical  role, 
not  as  a  unique  etiologic  factor  but  rather 
within  a  multifactorial  cascade  such  as 
through  an  interaction  between  genetic  and 
toxic  mechanisms.  This  view  is  supported  by 
the  demonstration  that  individuals  carrying  a 
specific  mitochondrial  mutation  will  develop 
deafness  only  on  exposure  to  aminoglucoside 
(28).  Conversely,  it  is  also  relevant  to  point 
out  that,  among  the  cohort  of  individuals  who 
were  intoxicated  with  MPTP,  only  a  fraction 
developed  parkinsonism  (Dr.  J.  W.  Langston, 
personal  communication ).  These  two  exam¬ 
ples  emphasize  the  potential  importance  of 
the  interaction  between  genetic  and  toxic  fac¬ 
tors. 


PATHOGENESIS  OF  PD 

In  spite  of  the  above-described  efforts  in 
identifying  the  etiology  of  PD,  affected  pa¬ 


tients  to  date  are  diagnosed  only  when  the 
symptoms  of  the  disease  have  already  ap¬ 
peared.  Therefore,  it  is  important  to  identify 
the  mechanisms  involved  in  the  cellular  death 
in  order  to  halt  or  slow  down  the  progression 
of  the  disease  once  it  is  already  established. 

In  an  attempt  to  unravel  the  mechanisms 
implicated  in  the  neurodegenerative  process 
in  PD,  a  large  number  of  presumed  patho¬ 
genic  factors  have  been  put  forward,  including 
dopamine  metabolism,  mitochondrial  dys¬ 
function,  free  radicals,  cell  death  by  apopto¬ 
sis,  excitotoxicity,  defect  in  trophic  factors, 
and  many  others.  Some  of  these  are  discussed 
below. 


Dopamine  Metabolism 

Dopamine  is  the  neurotransmitter  of  the 
SNc  neurons  controlling  normal  motor  func¬ 
tion.  It  seems,  however,  that  dopamine  is  not 
essential  for  the  normal  development  of  the 
SNc  system,  as  observed  in  mice  lacking  ty¬ 
rosine  hydroxylase  (TH),  the  enzyme  catalyz¬ 
ing  the  first  and  rate-limiting  step  of  cate¬ 
cholamine  biosynthesis.  It  is  worthy  to  note 
that  although  these  mutant  mice  have  almost 
no  dopamine  production,  they  show  a  normal 
cytoarchitecture  of  the  SNc  dopaminergic 
system  (29,30)  as  evidenced  by  immunostain- 
ing  for  DOPA  decarboxylase,  another  enzyme 
in  this  synthetic  pathway.  .  Interestingly,  be¬ 
tween  2%  and  22%  of  wild-type  cate¬ 
cholamine  concentrations  are  found  in  the 
brains  of  these  mutant  (31)  mice,  likely  as  the 
result  of  alternative  synthetic  pathways  such 
as  that  involving  tyrosinase,  another  enzyme 
that  converts  tyrosine  to  l-DOPA  but  that 
does  so  during  melanin  synthesis. 

In  the  mature  brain,  although  it  is  clear 
from  PD  that  dopamine  is  essential  for  motor 
control,  it  has  been  frequently  suggested  that 
dopamine  at  the  same  time  may  exert  delete¬ 
rious  effects  that  may  participate  in  the  pro¬ 
gression  of  die  disease.  Evidence  in  support 
of  this  view  is  still  lacking  in  vivo  in  that  there 
is  no  definitive  demonstration  that  individuals 
who  erroneously  receive  high  doses  of 
dopamine  precursor,  l-DOPA,  for  a  pro- 
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longed  period  fare  worse  because  of  the  drug. 
Similarly,  the  toxic  effect  of  dopamine/L- 
DOPA  has  not  been  observed  in  studies  using 
animals  with  intact  nigrostriatal  pathway. 
More  confusing  is  the  situation  in  rats  with 
moderate  SNc  damage  produced  by  the  neu¬ 
rotoxin  6-hydroxydopamine,  which  generated 
contradictory  results  (32,33).  The  issue  of 
dopamine-mediated  toxicity  is  more  com¬ 
pelling  when  one  looks  at  the  large  core  of  in 
vitro  studies  dealing  with  this  question.  For 
instance,  it  has  been  shown  that  200  pM  of  L- 
DOPA  can  cause  a  50%  reduction  in  the  num¬ 
ber  of  dopaminergic  neurons  in  postnatal 
midbrain  cultures  (34).  This  toxic  effect 
seems  to  be  mediated  by  the  production  of 
free  radicals  because  it  is  prevented  by  the 
overexpression  of  copper/zinc  superoxide  dis- 
mutase  (SOD1)  (34),  a  key  free  radical-scav¬ 
enging  enzyme. 

Another  intriguing  aspect  related  to  the 
dopamine  metabolism  that  has  not  yet  been 
solved  concerns  the  link  between  the  vulnera¬ 
bility  of  SNc  dopaminergic  neurons  and  the 
prominent  content  in  black  pigmentation  called 
neuromelanin  in  these  neurons  (35).  It  has  been 
reported  that  (a)  the  dopamine-containing  cell 
groups  of  the  normal  human  midbrain  differ 
markedly  from  each  other  in  the  percentage  of 
neuromelanin-pigmented  neurons  they  con¬ 
tain;  (b)  the  estimated  cell  loss  in  these  cell 
groups  in  PD  is  directly  correlated  with  the 
percentage  of  neuromelanin-pigmented  neu¬ 
rons  normally  present  in  them;  and  (c)  within 
each  cell  group  in  PD  brains,  there  is  greater 
relative  sparing  of  nonplgmented  than  of  neu¬ 
romelanin-pigmented  neurons  (36).  These  re¬ 
sults  suggest  a  selective  vulnerability  of  the 
neuromelanin-pigmented  subpopulation  of 
mesencephalic  dopaminergic  neurons  in  PD. 
To  date,  however,  the  role  of  neuromelanin 
within  dopaminergic  cells  and  its  origin  are  not 
known.  A  new  insight  in  this  field  comes  from 
the  observation  that,  in  postnatal  midbrain  cul¬ 
tures  exposed  to  low  doses  of  l-DOPA, 
dopaminergic  neurons  accumulate  a  black  pig¬ 
ment  with  the  same  characteristics  as  neu- 
romelanin  (36a).  This  finding  indicates  that  the 
formation  of  neuromelanin  is  clearly  related  to 


the  presence  of  L-DOPA/dopamine,  and  thus, 
this  in  vifro  cellular  system  may  represent  a 
new  tool  with  which  to  study  the  actual  role 
played  by  neuromelanin  in  the  neurodegenera- 
tive  process.  Another  unresolved  issue  inherent 
to  dopaminergic  neuron  degeneration  in  PD  is 
the  potential  contribution  of  Lewy  bodies  in 
the  death  of  these  neurons.  Along  this  line.  Dr. 
Sulzer’s  group  has  also  found  that  incubation 
of  monoamineigic  clonal  PC-12  cells  with  L- 
DOPA  induces  ubiquitinated  intracellular  in¬ 
clusions  reminiscent  of  Lewy  bodies.  This  ex¬ 
citing  finding  may  enable  us  to  identify  the 
factors  involved  in  the  formation  of  the  Lewy 
bodies  as  well  as  to  determine  their  actual  role 
in  the  neurodegenerative  process. 

Dopamine  metabolism  by  monoamine  oxi¬ 
dase  or  by  autooxidation  leads  to  the  forma¬ 
tion  of  hydrogen  peroxide,  superoxide  radi¬ 
cals,  and  several  reactive  quinones  and 
semiquinones  that  could  contribute  to  the 
heightened  state  of  oxidative  stress  in  PD 
(37).  Neuromelanin  within  dopaminergic 
neurons  can  bind  ferric  iron  and  reduce  it  to 
its  reactive  ferrous  form  (35).  Taken  together, 
these  results  show  that  die  SNc,  because  of  its 
dopamine  and  neuromelanin  content,  is  a  des¬ 
ignated  target  for  oxidative  attack.  This  view 
leads  us  now  to  discuss  the  important  ques¬ 
tions  of  oxidative  stress  and  of  mitochondrial  s 
dysfunction  in  PD  (37). 


Oxidative  Stress  and  Mitochondrial  j 
Dysfunction 

Several  lines  of  evidence  suggest  that  the^  J: 
SNc  in  PD  is  the  site  of  an  oxidative  stres£g|| 
(37).  As  mentioned  above,  several  powerfub^ 
oxidants  are  produced  in  the  course  of  nonna|g 
metabolism,  including  hydrogen  peroxide, 
peroxide,  peroxyl  and  hydroxyl,  and  even  i 
trie  oxide  (NO).  These  molecules  may  ■ 
cellular  damage  by  reacting  with  nuclei 
acids,  proteins,  lipids,  and  other  molecule 
Indeed,  in  the  SNc  of  parkinsonian  patien^ 
there  is  evidence  of  increased  malondiald| 
hyde  and  hydroperoxidase,  which  sugge 
lipid  peroxidation,  increased  carbonyl  pro¬ 
teins  suggesting  oxidized  proteins,  incre 
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Ay-2-deoxyguanosine  suggesting  DNA 
fl  elevation  of  iron  levels,  increase  in  y- 
ffiyl  transpeptidase  activity,  and  dimin- 
fleduced  glutathione.  The  possibility  that 
Jgjve  stress  participates  in  the  pathogene- 
eIIpD  offers  therapeutic  strategies  based  in 
He  of  antioxidant  agents  in  order  to  pro- 
|  neuroprotection.  These  may  include  free 
g|al  scavengers,  glutathione-enhancing 
Mxbs,  iron  chelators,  and  drugs  that  interfere 
m  the  oxidative  metabolism  of  dopamine, 
ifl  aate,  clinical  trials  have  been  performed 
BP  vitamin  E  and  deprenyl  but  have  failed  to 
glow  definite  neuroprotection. 

JtOne  main  source  of  reactive  oxygen 
Ibecies  is  the  mitochondria.  It  is  thus  relevant 
lb  mention  that  a  reduction  in  the  activity  of 
Ijie  complex  I  (NADH-ubiquinone  oxidore- 

|'*  ductase)  of  the  mitochondrial  electron  trans¬ 
port  chain  in  PD  brains  has  been  reported 
”'  (38).  This  defect  could  subject  cells  to  oxida- 
Hbye  attack  as  well  as  energy  failure.  Further- 
j'  more,  it  seems  that  the  mitochondrial  defect 
%  found  in  PD  is  generalized  and  not  confined 
to  the  brain,  as  reduced  complex  1  activity  has 
been  reported  in  platelets  from  PD  patients.  In 
addition,  hybrid  cells,  in  which  mitochondrial 
DNA  has  been  destroyed  and  repopulated 
with  mitochondrial  DNA  from  the  platelets  of 
PD  patients,  reproduce  the  defect  in  complex 
1  activity  (39).  The  latter  finding  suggests  that 
the  observed  complex  I  deficit  originates 
from  an  alteration  in  the  mitochondrial  rather 
than  the  nuclear  genome. 

It  is  of  importance  to  indicate  that  although 
mitochondrial  dysfunction  and  oxidative  me¬ 
tabolism  may  well  be  critical  components  in 
the  cascade  of  deleterious  events  leading  to 
the  death  of  SNc  dopaminergic  neurons,  sur¬ 
prisingly  none  of  the  data  available  to  date  did 
address  the  question  as  to  whether  these  ab¬ 
normalities  represent  a  primary  or  secondary 
events.  Indeed,  all  of  these  data  are  merely 
circumstantial  and  correlative  observations 
reported  in  autopsied  brains  in  which  most  of 
the  dopaminergic  cells  have  already  been  de¬ 
stroyed,  and  thus  the  mechanistic  value  of  au¬ 
topsy  findings  must  be  taken  with  a  great  deal 
of  caution. 


Programmed  Cell  Death 

In  recent  years,  there  has  been  growing  in¬ 
terest  in  the  manner  in  which  neuronal  cells 
degenerate.  In  this  context,  the  concept  that 
programmed  cell  death  (PCD)  may  play  a  role 
in  the  pathogenesis  of  neurodegenerative  dis¬ 
orders  has  emerged  as  an  important  hypothe¬ 
sis.  PCD  represents  an  active  form  of  cell 
death  in  which  intrinsic  cellular  genetic  pro¬ 
grams  are  activated,  leading  to  cellular  “sui¬ 
cide.”  This  form  of  death  must  be  distin¬ 
guished  from  the  presumed  passive  cellular 
death  resulting  from  a  noxious  effect  or  harsh 
environmental  factors.  PCD  is  also  referred  to 
as  apoptosis  because  apoptosis  is  probably  the 
most  common  morphologic  type  of  PCD. 
However,  it  is  important  to  mention  that  apop¬ 
tosis  refers  to  a  specific  set  of  morphologic 
features  and  is  not  the  sole  and  unique  mor¬ 
phologically  defined  form  of  death  encoun¬ 
tered  in  PCD  (40).  For  instance,  apoptosis  is 
defined  by  the  association  of  cell  body  and 
nucleus  shrinkage,  chromatin  clump  forma¬ 
tion,  DNA  fragmentation,  and  condensation 
of  cytosol  and  nucleosol,  often  with  preserva¬ 
tion  of  organelles  and  phenotypic  markers. 
The  question  of  whether  apoptosis  occurs  in 
neurodegenerative  disorders  should  not  be  re¬ 
garded  as  an  esoteric  academic  problem  but 
rather  as  a  line  of  research  that  can  shed  light 
into  the  pathogenesis  of  PD  as  well  as  open 
new  therapeutic  avenues. 

It  has  been  reported  that  apoptosis  occurs  in 
the  substantia  nigra  during  normal  develop¬ 
ment  in  rodents  (41,42).  It  has  also  been 
demonstrated  that  this  phenomenon  is  time  de¬ 
pendent,  paralleling  the  time-course  of  synap- 
togenesis,  is  modulated  by  factors  derived 
from  the  target  (and/or  postsynaptie  neurons), 
and  occurs  in  dopaminergic  neurons  per  se  as 
evidenced  by  TH  immunostaining  (41-44). 
Occurrence  of  SNc  PCD  has  also  been  exam¬ 
ined  in  mature  brains  by  studying  experimen¬ 
tal  models  of  PD.  Along  this  line,  it  has  been 
reported  that  intrastriatal  injection  of  6-hy- 
droxydopamine  (6-OHDA)  in  developing  ani¬ 
mals  results  in  the  induction  of  apoptosis  in 
SNc  dopaminergic  neurons  (45).  This  effect 
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seems  to  be  explained  by  the  destruction  of 
dopaminergic  terminals  by  6-OHDA,  thus  in¬ 
terfering  with  target  support,  rather  than  a  di¬ 
rect  action  of  the  toxin-inducing  apoptosis. 
The  ability  of  intrastriatal  6-OHDA  to  induce 
apoptotic  death  is  developmentally  dependent, 
with  a  major  induction  of  death  during  the 
first  two  postnatal  weeks  but  only  a  minor  ef¬ 
fect  at  later  postnatal  times.  Furthermore,  at 
later  postnatal  days,  6-OHDA-induced  cell 
death  presented  two  different  morphologies, 
apoptotic  and  nonapoptotic.  This  suggests  ei¬ 
ther  that  the  toxin  induces  cell  death  by  two 
different  mechanisms  or  that  the  same  funda¬ 
mental  mechanism  induces  an  apoptotic  mor¬ 
phology  in  less  mature  animals  and  a  non¬ 
apoptotic  morphology  in  more  mature 
animals.  Studies  with  MPTP  in  mice  have  re¬ 
ported  mixed  results.  We  initially  reported  that 
acute  administration  of  MPTP,  in  which  the 
drug  was  given  in  four  separate  doses  admin¬ 
istered  every  2  hours,  resulted  in  a  nonapop¬ 
totic  cell  death  in  the  SNc  (46).  More  recently, 
Tatton  and  Kish  have  reported  (47)  in  a 
chronic  model  of  MPTP  administration  (30 


found  that  this  syndrome  was  induced  by  the 
self-administration  of  a  synthetic  heroin  analog 
whose  synthesis  had  been  heavily  contami¬ 
nated  by  a  by-product,  MPTP  (5).  Since  then, 
MPTP  has  been  used  extensively  as  a  model  of 
PD  (5,50,51).  From  neuropathologic  data, 
MPTP  administration  causes  damage  to  the 
dopaminergic  pathways  identical  to  that  seen 
in  PD  (52).  Like  PD,  MPTP  causes  a  greater 
loss  of  dopaminergic  neurons  in  the  SNc  than 
in  the  ventral  tegmental  area  (53,54)  and  a 
greater  degeneration  of  dopaminergic  nerve 
terminals  in  the  putamen  than  in  the  caudate 
nucleus  (55).  On  the  other  hand  the 
eosinophilic  intraneuronal  inclusions,  Lewy 
bodies,  so  characteristic  of  PD,  have  thus  far 
not  convincingly  been  observed  in  MPTP-in- 
duced  parkinsonism  (56).  However,  MPTP  has 
never  been  recovered  from  postmortem  brain 
samples  or  body  fluids  of  PD  patients,  consis¬ 
tent  not  with  MPTP  causing  PD  but  with  its  be¬ 
ing  an  excellent  experimental  model  of  PD. 
Accordingly,  it  can  be  speculated  that  elucidat¬ 
ing  the  molecular  mechanisms  of  MPTP 
should  lead  to  important  insights  into  the 


mg/kg  per  day  for  five  consecutive  days)  the 
occurrence  of  apoptosis  in  phenotypically  de¬ 
fined  dopaminergic  neurons.  Therefore,  PCD 
plays  a  role  in  the  MPTP  mouse  model  of  PD, 
depending  on  the  administration  schedule  of 
the  neurotoxin.  Finally,  in  PD,  the  situation  is 
more  complex  in  that  there  is  mixed  evidence 


pathogenesis  and  treatment  of  PD. 

The  metabolism  of  MPTP  is  a  complex, 
multistep  process  (57).  After  its  systemic  ad¬ 
ministration,  MPTP,  which  is  highly  ly- 
pophilic,  rapidly  crosses  the  blood-brain  bar* 
rier  and,  once  in  the  brain,  this  protoxin  is 
metabolized  to  l-methyl-4-phenyl-2,3-diby- 


conceming  whether  apoptotic  morphology 
can  be  identified  in  the  postmortem  PD  brains 
of  patients  (48).  It  is  important  to  note  that 
apoptotic  cell  death  seems  to  take  place  within 
a  short  period  of  time,  making  its  identifica¬ 
tion  difficult  in  a  chronic  degenerative  disease, 
and  that  the  quality  of  the  autopsied  material 
might  not  allow  high-quality  morphologic 
studies  to  be  performed. 

The  MPTP  Mouse  Model  of  PD 

The  fact  that  MPTP  causes  a  parkinsonian 
syndrome  was  discovered  in  1982  when  a 
group  of  drug  addicts  in  California  exhibited  a 
severe  and  irreversible  akinetic  rigid  syndrome 
analogous  to  PD  (49).  Subsequently,  it  was 


dropyridimium  (MPDP+)  (by  the  enzyme  ■ 
monoamine  oxidase  type  B)  and  then  to  | 
MPP+.  Thereafter,  MPP+  gains  access  to  | 
dopaminergic  neurons  by  binding  to  plasma 
membrane  dopamine  transporter  (DAT)  (58)^j| 
The  obligatory  character  of  this  step  in  th£^| 
MPTP  neurotoxic  process  is  demonstrated  b|gg| 
the  fact  that  blockade  of  DAT  by  specific  ang|| 
tagonists  such  as  mazindol  (59)  or  ablation  ofg| 
DAT  gene  in  mutant  mice  (60)  complete^H; 
prevents  MPTP-indueed  toxicity.  ConverseI|jjp 
transgenic  mice  with  increased  brain  DAT  e^|§|| 
pression  are  more  sensitive  to  MPTP  (61)-  J|j|| 
Inside  dopaminergic  neurons,  MPP+  can  *^fc 
concentrated  by  an  active  process  within 
mitochondria  (62),  where  it  impairs  mi||K 
chondrial  respiration  by  inhibiting 
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Me  electron  transport  chain  (63-65).  The 
Hition  of  complex  I  impedes  the  flow  of 
||pns  along  the  mitochondrial  electron 

Kwjlport  chain,  leading  to  a  deficit  in  ATP 
*|ition.  It  appears,  however,  that  complex  I 
jfyity  must  be  reduced  by  at  least  70  A  to 
|Se  severe  ATP  depletion  (66)  and  that,  in 
JStrast  to  the  situation  in  vitro,  in  vivo  MPTP 
fuses  only  a  transient  20%  reduction  in 
Spouse  striatal  and  midbrain  ATP  levels  (67). 
Another  consequence  of  complex  I  inhibition 
fly  MPP+  is  311  increased  production  of  free 
Radicals,  especially  of  superoxide  (68-70). 

he  importance  of  MPP+-related  superoxide 
^production  in  the  dopaminergic  toxicity 
fprocess  in  vivo  is  demonstrated  by  the  fact 
|that  transgenic  mice  with  increased  brain  ac¬ 
tivity  of  SOD1  are  significantly  more  resis- 
Itant  to  MPTP  (71).  However,  superoxide  is 
I poorly  reactive,  and  it  is  the  general  consen- 
J  sus  that  this  radical  does  not  cause  serious  di- 
I  rect  injury  (72).  Instead,  superoxide  is  be¬ 
lieved  to  exert  many  or  most  of  its  toxic 
effects  through  the  generation  of  other  reac- 
•  tive  species  such  as  hydroxyl  radical,  whose 
oxidative  properties  can  ultimately  kill  cells 
(72). 

Superoxide  can  also  react  with  NO  to  pro¬ 
duce  peroxynitrite,  a  potent  oxidant  (73).  In 
light  of  this  and  of  our  previous  work  on  su¬ 
peroxide  (71),  we  (74)  and  others  (75,76) 
have  assessed  the  role  of  NO  in  the  MPTP. 
neurotoxic  process.  These  studies  show  that 
inhibition  of  NO  synthase  (NOS)  by  7-ni- 
troindazole  (7-NI),  a  compound  that  inhibits 
NOS  activity  without  significant  cardiovascu¬ 
lar  effects  in  mice  (77),  attenuates,  in  a  dose- 
dependent  fashion,  MPTP-induced  dopamin¬ 
ergic  toxicity  (74,75).  The  protective  effect  of 
the  NOS  antagonist  7-NI  against  MPTP-in¬ 
duced  dopaminergic  damage  was  subse¬ 
quently  demonstrated  in  monkeys  (76). 

Neuronal  NOS  (nNOS)  is  the  predominant 
isoform  of  NOS  in  the  brain  (78,79).  Both  by 
its  abundance  and  its  localization,  nNOS  ap¬ 
pears  to  be  an  excellent  candidate  for  produc¬ 
ing  NO  for  MPTP;  in  agreement  with  this 
possibility  is  our  demonstration  that  mutant 
mice  deficient  in  nNOS  are  partially  pro¬ 


tected  against  MPTP  (74).  The  finding  that 
mice  are  better  protected  by  the  NOS  antago¬ 
nist  7-NI  than  by  the  lack  of  nNOS  expression 
suggests  that  isoforms  other  than  nNOS  may 
also  be  involved  in  MPTP  neurotoxic  process. 
Consistent  with  this  view,  it  should  be  men¬ 
tioned  that  inducible  NOS  (iNOS),  which  is 
not  or  is  only  minimally  expressed  in  normal 
brains  (80,81),  is  dramatically  up-regulated 
after  injury  including  that  produced  by  MPTP 
(82).  Indeed,  early  in  the  course  of  MPTP-in¬ 
duced  dopaminergic  neuron  degeneration, 
there  is  an  increase  in  midbrain  iNOS  activity 
within  the  robust  glial  reactions  that  occur  in 
the  SNc  following  the  administration  of  this 
toxin  (82).  Consistent  with  the  important  role 
of  iNOS  in  the  MPTP  neurotoxic  process  is 
our  demonstration  that  mutant  mice  deficient 
in  iNOS  are  more  resistant  to  MPTP  (82). 

Among  the  various  forms  of  damage  pro¬ 
duced  by  peroxynitrite,  the  presumed  culprit 
in  MPTP-mediated  toxicity,  is  the  oxidation 
of  phenolic  rings  in  proteins,  and  in  particular 
of  tyrosine  residues  (83),  to  form  nitrotyro- 
sine  as  the  most  important  product  (84).  Thus, 
detection  and  quantification  of  nitrotyrosine 
provide  important  indirect  evidence  that  per¬ 
oxynitrite  is  involved  in  a  pathologic  process. 
Relevant  to  the  participation  of  peroxynitrite 
in  the  MPTP  model,  it  has  been  demonstrated 
that  MPTP  significantly  increases  striatal  lev¬ 
els  of  nitrotyrosine  in  mice  (75,85).  Aside 
from  its  role  as  a  marker,  nitrotyrosine  can  be 
a  harmful  modification,  as  it  can  inactivate 
enzymes  and  receptors  that  depend  on  tyro¬ 
sine  residues  for  their  activity  (86,87)  and 
prevent  phosphorylation  of  tyrosine  residues 
important  for  signal  transduction  (88,89). 
This  cascade  of  events  appears  quite  relevant 
to  MPTP’s  mode  of  action,  as  we  have  demon¬ 
strated  that,  following  MPTP  administration 
to  mice,  TH  becomes  inactivated  by  tyrosine 
nitration  (90).  Furthermore,  peroxynitrite  can 
damage,  through  oxidative  processes,  many 
vital  cellular  elements  other  than  proteins 
(72).  Among  these,  DNA  is  of  unique  impor¬ 
tance  because  it  is  the  repository  for  genetic 
information  and  is  present  in  a  single  copy. 
Oxidants  such  as  peroxynitrite  can  cause  a 
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range  of  DNA  damage  (72),  which  can  possi¬ 
bly  occur  in  the  MPTP  model  as  well  as  in 
PD.  Indeed,  our  preliminary  data  generated  in 
collaboration  with  Dr.  M.  F.  Chesselet  (De¬ 
partment  of  Neurology,  UCLA)  indicate  that 
MPTP  causes  conspicuous  DNA  damage 
such  as  strand  breaks  in  SNc  neurons  in  mice. 


CONCLUSION 

This  summary  of  a  quite  prolific  decade 
has  attempted  to  outline  the  findings  and  the 
direction  of  PD  research,  which  we  believe 
should  lay  the  groundwork  for  the  research 
that  will  take  place  during  the  coming  new 
millennium.  As  illustrated  above,  unquestion¬ 
able  progress  has  been  made  toward  discover¬ 
ing  the  etiology  and  the  pathogenesis  of  the 
disease.  In  light  of  this,  and  although  much 
work  is  still  before  us,  we  should  enter  this 
new  era  with  significant  hope  and  enthusiasm 
for  finding  a  cure  for  PD. 
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The  Role  of  Nitric  Oxide  in  Parkinson’s  Disease 

Serge  Przedborski  and  Ted  M.  Dawson 
1 .  Introduction 

Neurodegenerative  disorders  are  adult-onset  disabling  neurologic  conditions 
such  as  Parkinson’s  disease  (PD)  in  which  specific  subsets  of  brain  neurons  are 
dying.  Without  exception,  the  frequency  of  these  disorders  is  increasing  dra¬ 
matically  as  the  proportion  of  elderly  in  our  society  grows.  The  search  for  effi¬ 
cacious  therapies,  if  not  to  prevent,  at  least  to  slow  down  or  halt  the  progression 
of  these  diseases,  is  of  major  public  health  importance.  However,  this  goal  can 
only  be  achieved  through  a  better  understanding  of  the  causes  and  mechanisms 
by  which  neurons  die  in  these  degenerative  disorders.  We  review  here  the 
question  of  nitric  oxide  (NO),  a  small  and  ubiquitous  molecule  believed  to  be  a 
pivotal  element  in  the  cascade  of  deleterious  events  underlying  neurodegen¬ 
eration  in  PD.  Since  NO  synthases  (NOS)  are  the  only  known  enzymes  that 
produce  NO,  in  this  chapter  particular  attention  is  paid  to  the  anatomic  distri¬ 
bution  and  catalytic  activity  of  these  enzymes  in  the  brain.  We  also  provide 
several  experimental  protocols  commonly  used  for  quantitative  and  qualitative 
studies  of  NOS. 

1.1.  Nitric  Oxide 

NO  has  emerged  as  a  protean  biologic  effector  molecule  that  acts  as  an 
intercellular  messenger  molecule  in  the  nervous  system,  regulating  vascular 
tone  and  blood  pressure,  and  controlling  platelet  activation,  and  when  synthe¬ 
sized  in  high  amounts  by  activated  macrophages,  it  is  an  antimicrobial  and 
antitumor  molecule.  Although  NO  is  a  gas  in  its  native  state,  in  most  biologic 
systems  it  acts  as  a  dissolved  nonelectrolyte.  The  only  exception  is  in  the  lung 
and  in  paranasal  sinus  air,  where  it  is  present  in  the  gaseous  phase.  NO  is  syn¬ 
thesized  by  one  of  the  three  distinct  NOS  isoforms  isolated  to  date.  Depending 
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on  the  site  of  production,  the  amount  of  NO  produced,  and  the  targets  within 
the  local  environment,  NO  can  have  many  diverse  functions.  The  identification 
of  NO  as  a  neurotransmitter  has  refined  our  conventional  understanding  of 
how  neurons  communicate,  since,  in  contrast  to  classical  neurotransmitters, 
NO  is  not  stored  in  synaptic  vesicles,  is  not  released  by  exocytosis,  and  does 
not  mediate  its  actions  by  binding  to  cell  surface  receptors.  In  the  nervous  sys¬ 
tem,  NO  has  a  dual  role  as  a  physiologic  messenger  and  as  a  mediator  of  lethal 
processes  in  a  variety  of  neurodegenerative  disorders  and  toxic  insults  to  the 
nervous  system. 

1.2 .  Parkinson's  Disease 

The  cardinal  clinical  features  of  PD  include  tremor,  stiffness,  and  slowness 
of  movement,  all  of  which  are  attributed  to  the  dramatic  loss  of  dopaminergic 
neurons  in  the  substantia  nigra  pars  compacta  (SNpc)  (7).  Its  prevalence  has 
been  estimated  at  approx  1 ,000,000  in  North  America,  with  approx  50,000 
newly  affected  individuals  each  year  (1).  The  most  potent  treatment  for  PD 
remains  the  administration  of  a  precursor  of  dopamine,  L-dopa,  which,  by 
replenishing  the  brain  with  dopamine,  alleviates  almost  all  PD  symptoms. 
However,  chronic  administration  of  L-dopa  often  causes  motor  and  psychiatric 
side  effects  that  may  be  as  debilitating  as  PD  itself  (2).  Furthermore,  there  is  no 
supportive  evidence  that  L-dopa  therapy  impedes  the  progressive  death  of 
SNpc  dopaminergic  neurons.  Therefore,  without  undermining  the  importance 
of  L-dopa  therapy  in  PD,  it  remains  essential  to  elucidate  the  cascade  of  events 
that  underlie  the  neurodegenerative  process.  To  this  end  and  in  light  of  the 
rarity  of  available  postmortem  brain  samples  from  PD  patients,  many  investi¬ 
gators,  including  ourselves,  have  focused  their  research  efforts  on  experimen¬ 
tal  models  of  PD  such  as  the  one  produced  by  the  parkinsonian  toxin 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP).  Consequently,  most  of 
the  currently  available  data  regarding  NO  in  PD  derive  from  studies  carried  out 
in  the  MPTP  model  and  not  in  PD  per  se. 

1.3.  The  MPTP  Model  of  Parkinson's  Disease 

MPTP  is  a  byproduct  of  the  chemical  synthesis  of  a  meperidine  analog  with 
potent  heroin-like  effects.  MPTP  can  induce  a  parkinsonian  syndrome  in 
humans  almost  indistinguishable  from  PD  (3).  It  was  recognized  as  a  neuro¬ 
toxin  in  early  1982,  when  several  young  drug  addicts  mysteriously  developed  a 
syndrome  similar  to  PD  after  the  intravenous  use  of  street  preparations  of 
meperidine  analogs  contaminated  with  MPTP  (4).  Since  the  discovery  that 
MPTP  causes  parkinsonism  in  human  and  nonhuman  primates  as  well  as  in 
various  other  mammalian  species,  it  has  been  used  extensively  as  a  model  of 
PD  (3,5>6).  In  human  and  nonhuman  primates,  MPTP  produces  an  irreversible 
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and  severe  parkinsonian  syndrome  that  replicates  almost  all  the  PD  features 
including  tremor,  rigidity,  slowness  of  movement,  postural  instability,  and  even 
freezing.  The  responses  to  traditional  antiparkinsonian  therapies  are  virtually 
identical  to  those  seen  in  PD,  as  are  the  complications  of  such  therapies.  How¬ 
ever,  in  PD  the  neurodegenerative  process  is  believed  to  occur  over  several 
years,  whereas  MPTP  produces  a  clinical  condition  consistent  with  “end-stage 
PD”  in  a  few  days  (7).  Except  for  a  few  cases  (8a),  no  human  pathologic  mate¬ 
rial  has  been  available.  Thus,  the  comparison  between  PD  and  the  MPTP  model 
is  largely  limited  to  nonhuman  primates  (9). 

According  to  neuropathologic  data,  MPTP  administration  causes  damage  to 
the  dopaminergic  pathways  identical  to  that  seen  in  PD  (10),  with  a  resem¬ 
blance  that  goes  beyond  the  degeneration  of  SNpc  dopaminergic  neurons.  Like 
PD,  MPTP  causes  greater  loss  of  dopaminergic  neurons  in  the  SNpc  than  in 
the  ventral  tegmental  area  (11,12)  and  greater  degeneration  of  dopaminergic 
nerve  terminals  in  the  putamen  than  in  the  caudate  nucleus  (13).  On  the  other 
hand,  two  typical  neuropathologic  features  of  PD  have,  until  now,  been  lacking 
in  the  MPTP  model.  First,  except  for  the  SNpc,  the  other  pigmented  nuclei 
such  as  the  locus  coeruleus  have  been  spared,  according  to  most  published 
reports.  Second,  the  eosinophilic  intraneuronal  inclusions,  called  Lewy  bodies, 
so  characteristic  of  PD  have  thus  far  not  been  convincingly  observed  in  MPTP- 
induced  parkinsonism  (8a.  9).  Also  worth  noting  is  the  fact  that  postmortem 
brain  samples  from  PD  patients  (14)  show  a  selective  defect  in  the  same  mito¬ 
chondrial  electron  transport  chain  complex  that  is  affected  by  MPTP  (15,16). 
Abnormalities  in  parameters  of  oxidative  stress  in  postmortem  PD  brain  tissue 
suggest  that  this  disease  is  caused  by  an  overproduction  of  free  radicals  (17), 
the  same  highly  reactive  tissue-damaging  species  that  are  suspected  of  being 
involved  in  MPTP-induced  dopaminergic  toxicity  in  vivo  (18-20).  However, 
despite  this  impressive  resemblance  between  PD  and  the  MPTP  model,  MPTP 
has  never  been  recovered  from  postmortem  brain  samples  or  body  fluids  of  PD 
patients.  Altogether,  these  findings  are  consistent  with  the  hypothesis  that 
MPTP  does  not  cause  PD  but  is  an  excellent  experimental  model.  Accordingly, 
it  can  be  speculated  that  elucidating  MPTP  molecular  mechanism(s)  should 
lead  to  important  insights  into  the  pathogenesis  and  treatment  of  PD. 

1.3.1.  Metabolism  of  MPTP 

The  metabolism  of  MPTP  is  a  complex,  multistep  process  (21).  After  its 
systemic  administration,  MPTP,  which  is  highly  lypophilic,  rapidly  crosses  the 
blood-brain  barrier.  Once  in  the  brain,  the  pro-toxin  MPTP  is  metabolized  to 
l-methyl-4-phenyl-2,3-dihydropyridinium  (MPDP+)  by  the  enzyme  monoam¬ 
ine  oxidase  B  (MAO-B)  within  nondopaminergic  cells,  and  then  (probably  by 
spontaneous  oxidation)  to  l-methyl-4-phenylpyridinium  (MPP+),  the  active 
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toxic  compound.  Thereafter,  MPP+  is  released  (by  an  unknown  mechanism)  in 
the  extracellular  space.  Brain  inflow  of  MPTP,  together  with  its  transformation 
into  MPP+,  determines  the  amount  of  MPP+  available  to  enter  dopaminergic 
neurons.  Extracellular  MPP+  is  then  taken  up  by  plasma  membrane  dopamine 
transporters,  for  which  it  has  high  affinity  (22). 

Alterations  in  many  of  these  MPTP  metabolic  steps  modify  MPP  potency. 
For  instance,  blockade  of  MAO-B  by  pargyline  and  deprenyl  (23)  or  of  dopam¬ 
ine  transporters  by  mazindol  (24)  prevents  MPTP-induced  dopaminergic  tox¬ 
icity.  Striatal  content  of  MPP+  is  linearly  and  positively  correlated  with  the 
magnitude  of  dopaminergic  damage  (25). 

1.3.2.  Mechanism  of  Action  of  MPTP 

Once  inside  dopaminergic  neurons,  MPP+  is  concentrated  by  an  active  pro¬ 
cess  within  the  mitochondria  (26),  where  it  impairs  mitochondrial  respiration 
by  inhibiting  complex  I  of  the  electron  transport  chain  (27,28)  through  its  bind¬ 
ing  at  or  near  the  same  site  as  the  mitochondrial  poison  rotenone  (29,30). 1  he 
inhibition  of  complex  I  impedes  the  flow  of  electrons  along  the  mitochondria 
electron  transport  chain,  leading  to  a  deficit  in  adenosine  triphosphate  (ATP) 
formation.  It  appears,  however,  that  complex  I  activity  should  be  reduced  >70  k 
to  cause  severe  ATP  depletion  (31)  and  that,  in  contrast  to  in  vitro  paradigms 
in  vivo  MPTP  causes  only  a  transient  20%  reduction  in  mouse  striatal  an 
midbrain  ATP  levels  (32).  These  findings  raise  the  question  as  to  whether 
MPP+-related  ATP  deficit  can  be  the  sole  factor  underlying  MPTP-induced 
dopaminergic  neuronal  death.  Another  consequence  of  complex  I  inhibitionby 
MPP+  is  an  increased  production  of  free  radicals,  especially  of  superoxide  (33  35). 
From  the  aforementioned  findings,  it  may  be  speculated  that  the  initiation  o 
MPP+,s  deleterious  cascade  of  events  results  from  energy  failure  and  oxidative 
stress,  which  individually  may  not  be  sufficient  to  kill  cells,  but  in  combination 
may  well  be  lethal.  A  similar  scenario  of  interplay  among  mitochondrial  dys¬ 
function,  energy  failure,  and  oxidative  stress  has  been  postulated  for  PD  (36). 

The  importance  of  MPP^-related  superoxide  production  in  dopaminergic 
toxicity  in  vivo  is  demonstrated  by  the  fact  that  transgenic  mice  with  increased 
brain  activity  of  copper/zinc  superoxide  dismutase  (SOD1)  are  significantly 
more  resistant  to  MPTP-induced  dopaminergic  toxicity  than  their  wild-type 
littermates  (18).  This  finding  strongly  suggests  that  the  superoxide  radical  plays 
a  pivotal  role  in  the  MPTP  neurotoxic  process.  However,  superoxide  is  poorly 
reactive,  and  it  is  the  general  consensus  that  this  radical  does  not  cause  serious 
direct  injury  (37).  Instead,  superoxide  is  believed  to  exert  many  or  most  ot  its 
toxic  effects  through  the  generation  of  other  reactive  species  such  as  t  e 
hydroxyl  radical,  whose  oxidative  properties  can  ultimately  kill  cells  (37).  For 
instance,  superoxide  facilitates  hydroxyl  radical  production  by  hydrogen  per- 
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Fig.  1.  Superoxide  (02‘_)  can  react  with  superoxide  dismutase  (SOD)  to  produce 
hydrogen  peroxide  (H202),  which  in  turn  can  react  with  catalase  to  produce  water  and 
oxygen  or  enter  the  Fenton  reaction.  Alternatively,  superoxide  can  also  react  with 
nitric  oxide  (NO)  to  produce  peroxynitrite  (~OONO)  and  peroxynitrous  acid 
(HOONO). 


oxide  and  transitional  metals  such  as  iron  (i.e,,  the  Fenton  reaction;  Fig.  1) 
(37).  Although  this  reaction  can  readily  take  place  in  vitro,  its  occurrence  in 
vivo  is  subordinate  to  such  factors  as  low  pH  (38).  Despite  this  unfavorable  pH 
constraint,  MPTP  does  stimulate  the  formation  of  hydroxyl  radicals  in  vivo ,  as 
evidenced  by  the  increase  in  the  hydroxyl  radical-dependent  conversion  of  sali¬ 
cylate  into  2,3-  and  2,5-dihydroxy-benzoates  (19). 

Superoxide  can  also  react  with  NO  to  produce  peroxynitrite,  another  potent 
oxidant  (39)  (Fig.  1).  At  physiologic  pH  and  in  aqueous  milieu,  this  reaction 
proceeds  five  times  faster  than  the  decomposition  of  superoxide  by  SOD  (40) 
(see  thick  white  arrow  in  Fig.  1).  The  intracellular  concentration  of  SOD1  is 
estimated  to  be  10-40  u.M  (41 ).  Thus,  NO  concentration  has  to  be  approximately 
10  uM  for  peroxynitrite  formation  to  be  competitive,  which  is  not  unrealistic  as 
NO  production  at  the  cellular  level  is  estimated  at  1-10  pM  (39).  The  situation 
is  different,  however,  for  superoxide,  whose  basal  intracellular  concentration 
is  low  (42).  Thus,  under  normal  conditions,  superoxide  is  limiting,  and  it  is 
likely  that  minimal  peroxynitrite  formation  occurs.  Conversely,  in  pathologic 
conditions,  should  superoxide  concentrations  increase,  as  in  response  to  MPTP 
administration,  formation  of  appreciable  amounts  of  peroxynitrite  is  expected. 
In  light  of  this  and  of  our  previous  work  on  superoxide  (18).  we  (43)  and  others 
(19,20)  have  assessed  the  role  of  NO  in  the  MPTP  neurotoxic  process.  These 
studies  show  that  inhibition  of  NOS  attenuates,  in  a  dose-dependent  fashion, 
MPTP-induced  striatal  dopaminergic  loss  in  mice  (19,43).  We  also  demon- 
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strate  that  7-nitroindazole  (7-NI),  a  compound  that  inhibits  NOS  activity  with¬ 
out  significant  cardiovascular  effects  in  mice  (44),  is  profoundly  neuro- 
protective  against  MPTP-induced  SNpc  dopaminergic  neuronal  death  (43).  The 
protective  effect  of  the  NOS  antagonist  7-NI  against  MPTP-induced  striatal  and 
SNpc  dopaminergic  damage  was  subsequently  demonstrated  in  monkeys  (20). 

1.4.  Proposed  Mechanism  of  MPTP  Action 

From  the  above  findings,  the  following  scheme  can  be  proposed  to  explain 
both  selectivity  and  dopaminergic  toxicity  (Fig.  2):  MPTP  is  converted  to 
MPP  ,  which  is  transported  into  dopaminergic  neurons  via  the  dopamine  trans¬ 
porter.  MPP+  inhibits  enzymes  in  the  mitochondrial  electron  transport  chain, 
resulting  in  ATP  deficit  and  increased  “leakage”  of  superoxide  from  the 
respiratory  chain.  Superoxide  cannot  readily  transverse  cellular  membranes  and 
so  remains  in  the  cell  and  organelle  in  which  it  is  produced.  In  contrast,  NO  is 
membrane  permeable  and  diffuses  into  neighboring  neurons.  If  the  neighbor¬ 
ing  cell  has  elevated  levels  of  superoxide,  then  there  is  an  increased  probability 
of  superoxide  reacting  with  NO  to  form  peroxynitrite,  which  is  highly  reactive, 
damaging  lipids,  proteins,  and  DNA.  In  this  scheme,  it  is  the  site  of  generation 
of  superoxide  that  determines  whether  a  cell  will  succumb  to  NO-  and 
peroxynitrite-mediated  deleterious  effects.  Since  dopaminergic  neurons  selec¬ 
tively  accumulate  MPP+,  which  in  turn  stimulates  superoxide  production,  these 
neurons  are  selectively  at  risk. 

1.4.1.  Source  of  NO  and  NO  Synthase 

As  summarized  above,  there  is  strong  evidence  that  NO  participates  in  the 
MPTP  neurotoxic  process.  Because  MPTP  selectively  kills  dopaminergic  neu¬ 
rons,  it  is  expected  that  the  deleterious  cascade  of  events  that  underlie  the 
neurodegeneration  takes  place  inside  dopaminergic  neurons.  As  illustrated  in 
Fig.  2,  there  are  expeiimental  arguments  to  indicate  that  superoxide  concentra¬ 
tion  is  indeed  increased  inside  dopaminergic  neurons  by  MPP+.  However,  NO 
is  produced  by  NOS,  which  thus  far  has  not  been  identified  inside  dopaminer¬ 
gic  neurons  in  rodents;  although  this  needs  to  be  confirmed,  low  levels  of  NOS 
might  be  present  in  dopaminergic  neurons  in  humans  (45).  In  contrast  to  their 
lack  of  NOS,  at  least  in  rodents,  dopaminergic  structures  are  surrounded  by 
NOS-containing  fibers  and  cell  bodies  in  the  striatum,  and,  to  a  lesser  extent,  in 
the  SNpc  (45,46).  Because  NO  is  uncharged  and  lypophilic  (47),  it  is  able  to 
travel  away  from  its  site  of  synthesis  and  inflict  remote  cellular  damage  with¬ 
out  the  need  for  any  export  mechanisms.  It  is  suggested  that  NO,  which  is 
highly  diffusible,  can  travel  in  random  directions  up  to  1 50-300  pm  during  the 
5-15  s  that  correspond  to  its  estimated  half-life  in  physiologic  and  aqueous 
conditions  (47).  Although  this  modeling  may  depart  from  the  actual  in  vivo 
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Fig,  2.  Proposed  scheme  for  selectivity  of  MPTP-induced  dopaminergic  neurotox- 
icity.  DA,  dopamine.  (Reproduced  with  permission  from  ref.  43.) 


situation  encountered  by  a  molecule  of  NO,  it  gives  credence  to  the  hypothesis 
that  NO  can  cover  a  distance  several  times  greater  than  the  diameter  of  a  cell. 
As  shown  in  Fig.  2,  we  are  thus  speculating  that  the  NO  production  involved  in 
MPTP  toxicity  takes  place  in  nondopaminergic  cells  present  in  the  vicinity  of 
dopaminergic  structures. 

Another  question  pertinent  to  the  origin  of  NO  in  the  MPTP  model  is  which 
isoforms  of  NOS  are  primarily  involved  in  this  process?  Nitric  oxide  is  formed 
from  arginine  by  NOS,  which  oxidizes  the  guanidino  nitrogen  of  arginine, 
releasing  NO  and  citrulline.  To  date,  three  distinct  NOS  isoenzymes  have  been 
purified  and  moleeularly  cloned  (Table  1):  neuronal  NOS  (nNOS,  NOS  I), 
inducible  NOS  (iNOS,  NOS  II),  and  endothelial  NOS  (eNOS,  NOS  III).  These 
isoforms  fall  into  two  general  categories  on  the  basis  of  regulation  of  enzy¬ 
matic  activity.  The  first  category  comprises  the  constitutively  expressed  eNOS 
and  nNOS  isoforms,  whose  production  of  NO  is  Ca2+/calmodulin  dependent 
and  is  tightly  controlled  by  mechanisms  regulating  intracellular  Ca2+  levels. 
The  second  category  comprises  iNOS,  which  is  not  present  constitutively  (at 
least  in  most  cells),  but  rather  its  mRNA  transcription  and  translation  are 
induced  as  part  of  an  immune  response  in  many  cell  types  by  endotoxin  or 
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inflammatory  cytokines  (e.g,,  y-interferon,  interleukin- 1 ,  or  tumor  necrosis  fac¬ 
tor).  This  inducible  isoform  contains  calmodulin  and  is  not  regulated  by  intra¬ 
cellular  changes  in  Ca2+  levels.  Since  all  three  isoforms  of  NOS  have  been 
identified  in  the  brain,  each  of  these  can  individually  or  in  combination  be 
involved  in  the  production  of  NO  used  in  MPTP  neurotoxic  process. 

1.5.  NOS  Immunohistochemistry 

There  are  at  least  two  ways  to  explore  the  distribution  of  NOS  proteins,  by 
NOS  immunohistochemistry  or  by  nicotinamide  adenine  dinucleotide  phos¬ 
phate  (NADPH)-diaphorase  histochemistry;  both  approaches  have  advantages 
and  disadvantages.  However,  rather  than  being  exclusive,  as  we  can  see  from 
the  literature,  both  methods  are  often  used  within  the  same  study. 

1.5.1.  Anti- NOS  Antibodies 

The  main  advantage  of  NOS  immunohistochemistry  over  NADPH-diapho- 
rase  is  that  it  allows  the  study  of  each  NOS  isoform  separately,  Anti-NOS 
antibodies  directed  against  each  NOS  isoform  are  now  commercially  avail¬ 
able;  several  of  these,  whether  they  are  monoclonals  or  polyclonals,  produce 
good  results  in  immunohistochemistry  as  well  as  in  Western  blot. 

The  production  of  isoform-specific  antibodies  can  be  accomplished  through 
a  variety  of  approaches,  including  the  production  of  monoclonal  antibodies 
against  purified  protein,  fusion  protein,  or  synthesized  peptides  from  the 
deduced  amino  acid  sequence.  Polyclonal  antibodies  directed  against  regions 
of  the  NOS  isoforms  with  low  homology  can  also  be  used  to  generate  isoform- 
selective  antibodies.  Selection  of  peptides  has  been  made  easier  by  the  devel¬ 
opment  of  computer  programs  that  can  assist  in  the  design  of  peptides.  Certain 
considerations  are  important  to  keep  in  mind.  The  peptide  should  be  unique  to 
your  protein  or  at  the  very  least  have  a  low  homology  to  the  known  isoforms. 
In  addition,  it  should  have  a  high  antigenic  index,  and  it  is  extremely  helpful  if 
it  is  water  soluble.  The  methods,  techniques,  and  theory  behind  the  production 
of  both  monoclonal  and  polyclonal  antibodies  as  well  as  the  potential  pitfalls 
that  may  arise  in  making  antibodies  are  beyond  the  scope  of  this  chapter  and 
can  be  found  in  ref,  48. 

1.5.2.  Localization  of  NO  Synthase  Isoforms 

Neuronal  NOS  is  the  predominant  isoform  of  NOS  in  the  brain.  Its  catalytic 
activity  and  protein  are  identifiable  throughout  the  brain  (45,49).  Relevant  to 
MPTP,  nNOS  is  present  in  high  density  in  the  striatum  within  intrinsic  medium¬ 
sized  neurons  colocalizing  with  somatostatin  and  neuropeptide  Y  (48).  In  the 
midbrain,  nNOS  is  found  in  cholinergic  neurons  and  within  serotoninergic 
fibers  (46,48).  Thus,  both  by  its  abundance  and  its  localization,  nNOS  appears 
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to  be  an  excellent  candidate  for  producing  NO  following  MPTP.  This  is  in 
agreement  with  our  demonstration  that  mutant  mice  deficient  in  nNOS  (49)  are 
partially  protected  against  MPTP-induced  striatal  dopaminergic  toxicity  (43). 
The  finding  that  mice  are  better  protected  by  the  NOS  antagonist  7-NI  than  by 
the  lack  of  nNOS  expression  suggests  that  nNOS  is  important  but  may  not  be 
the  sole  isoform  of  NOS  involved  in  the  MPTP  neurotoxic  process.  Can  it  be 
iNOS? 

In  the  normal  brain,  iNOS  is  not  detectable  (50)  or  is  minimally  expressed 
(51).  However,  under  pathologic  conditions,  iNOS  expression  can  significantly 
increase  in  activated  astrocytes  as  well  as  in  other  cells  such  as  microglia  (52), 
invading  macrophages,  and  even  neurons  (53).  This  was  shown  in  the  brain 
after  kainic  acid  lesion  (54),  ischemic  damage  (55),  and  stab  wounds  (52).  A 
similar  scenario  seems  to  exist  in  the  MPTP  model.  Indeed,  it  appears  that 
early  in  the  course  of  MPTP-induced  dopaminergic  neuron  degeneration  there 
is  an  increase  in  striatal  and  midbrain  iNOS  activity  (55a)  consistent  with  the 
strong  astrocytic  and  microglial  reaction  that  occurs  in  these  brain  regions  fol¬ 
lowing  MPTP  administration  (55a, 56, 57).  Changes  in  iNOS  activity  are 
already  substantial  24  h  after  MPTP  administration,  which  precedes  the  peak 
of  dopaminergic  neurodegeneration.  Therefore,  NO  derived  from  iNOS  may 
play  a  substantial  role  in  MPTP-induced  dopaminergic  neurodegeneration. 
Since  iNOS  is  induced  following  MPTP,  it  may  not  play  a  significant  role  in 
the  initiation  of  the  MPTP  toxic  process,  but  instead  may  amplify  its  propaga¬ 
tion  by  fueling  injured  dopaminergic  neurons  with  increasing  amounts  of  NO. 
This  view  is  consistent  with  our  recent  report  of  attenuated  MPTP-induced 
SNpc  degeneration  in  iNOS  knockout  mice  (55a). 

eNOS  is  localized  in  the  endothelium  of  blood  vessels  in  the  periphery 
and  in  the  nervous  system.  Aside  from  endothelial  cells,  eNOS  has  also 
been  localized  in  different  discrete  regions  of  the  brain  by  autoradiography 

(58)  and  immunostaining  (48).  Although  these  studies  report  only  low  lev¬ 
els  of  eNOS  in  several  brain  regions,  eNOS  is  particularly  abundant  in  the 
hippocampus  and  in  the  olfactory  bulb  within  neurons  and  neuropil.  The 
presence  of  eNOS  in  the  parenchyma,  along  with  the  fact  that  the  brain  is 
generously  vascularized,  makes  it  possible  that  eNOS  contributes  to  the  basal 
concentration  of  NO  in  the  brain.  As  such,  eNOS  may  have  some  importance 
in  the  MPTP  neurotoxic  process.  Alternatively,  its  role  in  the  vasculature 

(59)  may  be  more  significant  for  MPTP.  As  mentioned  above,  the  striatal 
content  of  MPP+,  which  is  a  determining  factor  in  dopaminergic  neurotox¬ 
icity,  is  tightly  regulated  by  cerebral  inflow  of  MPTP  and  outflow  of  MPP+. 
Therefore,  eNOS,  by  modulating  blood  vessel  tone  and  thus  cerebral  perfu¬ 
sion,  may  alter  the  amount  of  blood-borne  MPTP  that  gets  into  the  brain 
and  the  kinetics  of  disappearance  of  MPP+.  Should  the  cause  of  PD  be 
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related  to  an  endogenous  or  exogenous  blood-borne  toxin,  eNOS  may  be  a 
therapeutic  target  for  this  disease. 

1.6.  NADPH-Diaphorase  Histochemistry 

Under  appropriate  conditions  of  paraformaldehyde  fixation,  NADPH-dia- 
phorase  staining  can  be  used  to  identify  all  NOS  isoforms.  For  unknown  rea¬ 
sons,  NOS  is  resistant  to  paraformaldehyde  fixation,  whereas  all  other 
NADPH-dependent  oxidative  enzymes  are  inactivated  by  fixatives. 

1.6.1.  Localization  of  NADPH-Diaphorase 

In  the  brain,  the  highest  density  of  NADPH-diaphorase  is  evident  in  the 
cerebellum  and  in  the  olfactory  bulb  (60,61).  The  accessory  olfactory  bulb  has 
even  more  prominent  staining.  Other  areas  of  high-density  staining  include  the 
pedunculopontine  tegmental  nucleus,  the  superior  and  inferior  colliculi,  the 
supraoptic  nucleus,  the  islands  of  Calleja,  the  caudate-putamen,  and  the  den¬ 
tate  gyrus  of  the  hippocampus.  In  the  cerebellum,  NADPH-diaphorase  occurs 
in  glutaminergic  granule  cells  as  well  as  in  y-aminobutyric  acid  (GABA)-ergic 
basket  cells.  In  the  cerebral  cortex,  NADPH-diaphorase  staining  colocalizes 
with  somatostatin,  neuropeptide  Y,  and  GABA.  In  the  corpus  striatum, 
NADPH-diaphorase  neurons  also  stain  for  somatostatin  and  neuropeptide  Y. 
In  the  pedunculopontine  tegmental  nucleus  of  the  brain  stem,  NADPH-diapho¬ 
rase  neurons  stain  for  choline  aeetyltransferase  but  do  not  stain  for  somatosta¬ 
tin  and  neuropeptide  Y.  Even  though  there  does  not  seem  to  be  a  single 
neurotransmitter  that  colocalizes  with  NADPH-diaphorase,  all  NADPH-dia¬ 
phorase  neurons  identified  co-localize  with  NOS  (62).  NOS  catalytic  activity 
accounts  for  diaphorase  staining  because  transfection  of  cultured  human  kid¬ 
ney  293  cells  with  nNOS  cDNA  produces  cells  that  stain  for  both  nNOS  and 
NADPH-diaphorase  (62). 

NADPH-diaphorase  has  been  localized  to  the  endothelium  of  blood  vessels 
in  the  periphery  and  in  the  nervous  system.  NADPH-diaphorase  is  also  con¬ 
centrated  in  the  hippocampus  and  is  evident  in  pyramidal  cells  of  the  CA1 
region  and  in  granule  cells  of  the  dentate  gyrus.  eNOS  or  a  closely  related 
isoform  accounts  for  NADPH-diaphorase  staining  in  this  structure.  Using  high 
concentrations  of  glutaraldehyde  fixatives,  we  found  that  NADPH-diaphorase 
staining  provides  robust  staining  of  pyramidal  cells  of  the  CA1  region. 

NADPH-diaphorase  has  also  been  identified  in  neutrophils,  macrophages, 
microglia,  and  astrocytes. 

1.7.  NOS  Catalytic  Activity 

In  several  studies,  it  is  important  to  gather  information  about  the  actual 
enzymatic  activity  of  NOS.  This  question  arises  consistently  when,  for 
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example,  one  wishes  to  determine  whether,  in  a  pathologic  condition  such  as 
PD,  changes  in  NOS  activity  occur  or  how  intense  and  lasting  is  the  inhibition 
of  NOS  activity  following  administration  of  a  NOS  antagonist.  Among  the 
different  methods  available  to  assess  NOS  activity,  the  most  reliable  and 
straightforward  is  based  on  the  conversion  of  [3H]arginine  into  [3H]citrulline 
(see  Subheading  3.). 

1.8.  Peroxynitrite  and  Nitrotyrosine 

Superoxide  is  produced  by  many  biologic  reactions,  especially  by  mitochon¬ 
drial  respiration  (37).  It  can  be  engaged  in  numerous  reactions  including  the 
direct  oxidation  of  biological  molecules  (e.g.,  cathechols)  and  the  production 
of  hydroxyl  radicals  (Fig.  1).  Similarly,  NO  exerts  many  biologic  effects  that 
can  be  defined  as  direct  (i.e.,  resulting  from  the  reactions  between  NO  and 
specific  biologic  molecules)  or  indirect  (i.e.,  resulting  from  the  reactions 
between  reactive  nitric  oxide  species  [RNOS],  which  are  derived  from  NO 
oxidation,  and  specific  biologic  targets)  (41).  Most,  if  not  all,  of  the  direct 
effects  of  NO  appear  to  be  related  to  biologic  regulatory  effects  and  not  to 
neurotoxicity  (41);  although  NO  can  directly  affect  mitochondrial  respiration 
in  vitro  (63),  the  deleterious  consequence  of  this  effect  remains  to  be  deter¬ 
mined  in  vivo.  Conversely,  the  indirect  actions  of  NO,  which  are  mediated  by 
RNOS  such  as  nitrite  (NO2  ),  nitrate  (NO3-),  and  peroxynitrite  and  its  proto- 
nated  derivative  peroxynitrous  acid  (N203H)  are  unquestionably  deleterious 
(41);  in  aqueous  conditions,  RNOS  such  as  NO+  and  NO  react  rapidly  with 
water  and  thus  are  unlikely  to  be  major  participants  in  noxious  reactions. 

In  light  of  the  above,  it  appears  that  since  they  are  weak  oxidants,  neither 
superoxide  nor  NO  is  believed  to  be  sufficiently  damaging  by  themselves  to 
participate  directly  in  the  MPTP  toxic  process.  In  contrast,  peroxynitrite  fulfils 
the  role  of  the  toxic  mediator  between  superoxide  and  NO.  The  versatility  of 
peroxynitrite  as  an  oxidant  is  impressive:  it  can  react  with  antioxidants  (e.g., 
ascorbate,  glutathione),  unsaturated  fatty  acid  in  lipids,  amino  acid  residues 
(e.g.,  cysteine,  methionine,  and  tyrosine),  and  purine  bases  (e.g.,  guanine) 
(64,65).  By  damaging  DNA,  peroxynitrite  may  stimulate  the  activity  of 
poly(ADP-ribose)  synthetase  (PARP)  (66),  which  in  turn  may  exacerbate 
MPP+-induced  ATP  depletion  (66-68).  One  persistent  fingerprint  left  by 
peroxynitrite  is  nitration  of  phenolic  rings  including  tyrosine  (69).  As  such, 
detection  and  quantification  of  nitrotyrosine  is  important  indirect  evidence  that 
peroxynitrite  is  involved  in  a  pathologic  process.  Aside  from  being  a  marker, 
tyrosine  nitration  may  also  be  deleterious,  as  it  can  inactivate  enzymes  and 
receptors  that  depend  on  tyrosine  residues  for  their  activity  (70, 71)  and  prevent 
phosphorylation  of  tyrosine  residues  important  for  signal  transduction  (72,73). 


Nitric  Oxide  and  Parkinson’s  Disease 


125 


This  cascade  of  events  appears  quite  relevant  to  the  mode  of  action  of  MPTP, 
as  we  have  demonstrated  that,  following  MPTP  administration  to  mice,  both 
striatal  and  midbrain  levels  of  nitrotyrosine  in  proteins  increase  in  a  time- 
dependent  fashion  and  that  tyrosine  hydroxylase  (TH),  the  rate-limiting  enzyme 
in  dopamine  synthesis,  becomes  inactivated  by  tyrosine  nitration  (74). 
Nitrotyrosine  has  been  successfully  detected  and  quantified  by  different  meth¬ 
ods  including  high-performance  liquid  chromatography  (HPLC),  mass  spec¬ 
trometry,  and  immunobased  assays  (75).  Although  these  are  not  described  in 
detail,  we  discuss  them  briefly  and  emphasize  some  important  practical  aspects. 

1.8.1.  Quantification  of  Nitrotyrosine 

Several  HPLC-based  methods  with  ultraviolet  (UV)  or  fluorescent  detec¬ 
tion  have  been  used  to  quantify  and  separate  chlorotyrosine  and  nitrotyrosine 
from  tyrosine  and  other  tyrosine  analogs  (76,77).  These  techniques,  however, 
like  other  UV  or  fluorescent  detection-based  methods,  lack  sensitivity.  Two 
HPLC  methods  with  electrodetection  have  recently  been  developed  (76,77);  as 
anticipated,  they  are  significantly  more  sensitive  and,  thus,  more  appropriate 
to  quantify  the  minute  amounts  of  nitrotyrosine  presumably  present  in  the  brain. 
However,  there  are  some  concerns  about  whether  these  HPLC  methods  are 
actually  detecting  tyrosine  analogs  such  as  nitrotyrosine  or  an  artifact  (78). 
Until  this  issue  is  resolved,  it  would  be  preferable  to  utilize  a  method  that  com¬ 
bines  the  possibility  of  quantifying  tyrosine  analogs  such  as  isotope  dilution 
gas  chromatography  combined  with  mass  spectrometry  (GC/MS)  (79-82).  Rel¬ 
evant  to  the  existence  of  peroxynitrite  in  the  MPTP  model,  it  has  been  demon¬ 
strated  that  MPTP  significantly  increases  striatal  levels  of  free  nitrotyrosine  in 
mice  (19).  Although  this  finding  provides  major  impetus  to  the  implication  of 
peroxynitrite  in  the  MPTP  model,  one  should  be  aware  that  the  relationship 
between  free  and  protein  nitrotyrosine  is  unknown  and  that  the  physiopatho- 
logic  role,  if  any,  of  free  nitrotyrosine  remains  to  be  determined. 

1.8.2.  Visualization  of  Nitrotyrosine 

Although  the  HPLC  and  GC/MS  methods  are  highly  sensitive,  they  do  not 
provide  information  as  to  where  at  an  anatomic  or  cellular  level  the  changes  in 
tyrosine  nitration  occur  after  MPTP  administration.  A  similar  issue  was  suc¬ 
cessfully  addressed  recently  in  spinal  cord  from  amytrophic  lateral  sclerosis 
(ALS)  patients  (83)  and  in  rejected  transplanted  kidney  (84)  in  which  levels  of 
nitrotyrosine,  determined  by  HPLC,  were  more  than  twofold  higher  in  tissue 
extracts  from  these  pathologic  conditions  compared  with  controls.  In  both  situ¬ 
ations,  immunohistoehemical  analysis  of  nitrotyrosine  revealed  that  conspicu¬ 
ous  immunoreactivity  was  localized  in  spinal  cord  motor  neurons  (83)  and  in 
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kidney  tubular  cells  (84).  Both  locations  are  pertinent  to  the  pathological  pro¬ 
cesses  that  underlie  ALS  and  chronic  kidney  transplant  rejection.  These  immu- 
nohistochemical  studies  were  performed  by  using  specific  antinitrotyrosine 
antibodies.  Both  mouse  monoclonal  and  rabbit  polyclonal  antinitrotyrosine 
antibodies  (85)  are  now  commercially  available  from  Upstate  Biotechnology 
(UBI,  Lake  Placid,  NY).  Both  were  raised  against  nitrated  keyhole  limpet 
hemocyanin  (KLH)  and  specifically  recognize  peroxynitrite-modified  proteins 
including  KLH,  bovine  serum  albumin  (BSA),  catalase,  histone,  lysozyme, 
actin,  rat  brain  homogenate,  and  heart  homogenate,  but  not  the  corresponding 
native  proteins.  Nitrotyrosine  (0.3  m M)  can  completely  block  the  monoclonal 
or  the  polyclonal  antibody  binding  to  nitrated  BSA;  however,  in  routine  use, 
concentrations  as  high  as  10  m M  nitrotyrosine  may  be  necessary  to  block  anti¬ 
body  binding  fully.  In  contrast,  a  10  m M  concentration  of  either  tyrosine, 
aminotyrosine,  chlorotyrosine,  hydroxytyrosine,  or  phosphotyrosine  has  no 
effect  on  antibody  binding  to  nitrated  BSA.  It  is,  however,  recommended  to 
verify  the  spec i  1  icity  of  the  antibodies  by  two  sets  of  controls  on  each  tissue 
sample  to  confirm  the  presence  of  nitrotyrosine  as  follows:  (1)  blockade  with 
an  excess  of  nitrotyrosine;  and  (2)  reduction  to  aminotyrosine  with  a  strong 
reducing  agent  such  as  dithionite.  Surprisingly,  to  our  knowledge,  to  date  no 
published  studies  exist  regarding  the  identification  of  nitrotyrosine 
immunostaining  in  the  MPTP  model  or  in  PD. 

1.8.3.  Target  Proteins  of  Tyrosine  Nitration  in  Dopamine  Neurons 

Aside  from  their  use  for  immunostaining,  the  antinitrotyrosine  antibodies 
have  been  used  for  immunoprecipitating  and  immunoblotting  of  tyrosine 
nitrated  proteins  (74,86).  These  techniques  are  the  cornerstone  methods  used 
to  identify  manganese  SOD  (SOD2)  as  a  specific  target  of  tyrosine  nitration  in 
the  rejected  kidney  transplant  (84).  This  method  also  enabled  us  to  demon¬ 
strate  that  TH  is  a  major  target  of  tyrosine  nitration  following  MPTP  adminis¬ 
tration  (74).  Both  immunoblot  and  the  immunoprecipitation  using  the 
antinitrotyrosine  antibodies  are  straightforward  (74)  and  require  the  same  type 
of  controls  as  described  for  immunostaining. 

2.  Materials 

Unless  specified,  all  reagents  required  for  the  assays  referenced  in  this  chap¬ 
ter  can  be  obtained  from  standard  commercial  sources  and  preferentially  should 
be  of  the  highest  purity.  Some  technical  comments  and  detailed  recipes  for  the 
preparation  of  the  necessary  buffers  and  reaction  solutions  are  given. 

L  Water  quality  is  a  key  factor  to  the  success  and  reproducibility  of  the  assays 
described  in  this  chapter.  Pure  water  refers  to  both  low  ion  content  and  no  infec¬ 
tious  agents  such  as  bacteria,  fungi,  and  algae.  This  type  of  high-quality  water 


Nitric  Oxide  and  Parkinson’s  Disease 


127 


can  be  obtained  from  a  distilled  or  a  deionized  water  station.  It  is  also  advisable 
to  autoclave  distilled  or  deionized  water  whenever  possible. 

Caution:  Some  enzymatic  reactions  (e.g.,  horseradish  peroxidase)  may  be 
inhibited  by  deionized  water  and  thus,  unless  mandatory,  it  is  advisable  to  use  high- 
quality  distilled  water, 

2.  0.2  M  phosphate  buffer  (PB),  pH  7.4:  Prepare  the  following  two  stock  solutions: 

a.  Stock  solution  A:  0.2  M  NaH2P04  (12  g  NaH,P04  in  500  mL  H-,0.  or  13.9  g  of 
NaH2P04-H20  in  500  mL  H20). 

b.  Stock  solution  B :  0.2  M Na2HP04  (28.4  g  Na2HP04  in  1 L  H20). 

To  make  0.2  M  PB  at  pH  7.4:  mix  1  part  of  solution  A  with  4  parts  of  solution  B 
(e.g.,  100  mL  of  A  +  400  mL  of  B).  This  stock  solution  can  be  used  to  prepare  the 
fixative  solution  (see  step  4)  or  be  diluted  with  an  equal  volume  of  distilled  water 
to  provide  0.1  M  PB. 

3.  Tris-buffered  saline  (TBS):  50  m M  Tris-HCl,  pH  7.2  and  1.5%  NaCl.  Store  at  room 
temperature. 

4.  Fixative  solution  (4%  paraformaldehyde/0.1  MPB):  Depolymerize  8%  paraformal¬ 
dehyde  in  distilled  H20  (8  g  in  100  mL  HzO)  by  heating  to  80°C  for  30  min  while 
stirring.  Do  not  exceed  80°C.  If  paraformaldehyde  boils,  start  over. 

Caution;  Wear  gloves  and  mask  while  weighing  and  preparing  paraformalde¬ 
hyde.  The  solution  must  be  heated  in  a  fume  hood. 

a.  Clear  paraformaldehyde  solution  with  1-2  drops  of  10  M  NaOH.  Solution  will 
turn  from  a  turbid  appearance  to  a  clear  solution. 

b.  Let  solution  cool  to  room  temperature  (RT),  check  volume,  and  replace  any  H,0 
that  may  have  evaporated. 

c.  Add  an  equal  volume  of  0.2  M  PB,  pH  7.4,  to  make  a  final  solution  of  4% 
paraformaldehyde/0.1  MPB. 

d.  Filter  4%  paraformaldehyde/0. 1  M  PB  solution  through  a  0.22-pm  filter  unit  and 
use  within  1  wk  (older  4%  paraformaldehyde/0.1  M  PB  solution  may  contain 
crystals  of  formalin,  which  may  cause  tissue  artifacts). 

5.  NADPH  staining  solution:  Prepare  buffer  solution  and  stain  mix  as  follows: 

a.  Buffer  solution:  0.1  M  Tris-HCl,  pH  7.2, 0.2%  Triton  X-100, 0.02%  NaN3. 

b.  Stain  Mix:  1  mM  P-NADPH  reduced  form  (8.33  mg  in  10  mL  buffer  solution), 
0.2  mM  nitroblue  tetrazolium  (NBT)  (1 .64  mg  in  10  mL  buffer  solution). 
Dissolve  P-NADPH  and  NBT  in  the  buffer  solution  in  separate  tubes.  P-NADPH 
is  readily  soluble  in  the  buffer,  but  NBT  may  need  to  be  sonicated  for  10  min.  Mix 
P-NADPH  and  NBT  together  in  a  1:1  ratio  and  filter  before  application  to  cells. 
The  final  concentration  of  the  stain  mix  should  be  1  mM  p-NADPH  reduced  form 
and  0.2  mM  NBT.  Since  the  two  compounds  are  solubilized  in  separate  tubes, 
each  tube  should  contain  a  2X  concentration,  so  that  when  mixed  together  in  a  1 : 1 
ratio  the  final  concentration  is  IX.  The  final  staining  mix  should  be  filtered  before 
use  to  prevent  formation  of  dark  blue  precipitates. 

6.  NOS  enzymatic  activity  reaction  mix:  Prepare  buffer  solution  and  reaction  mix  as 
follows: 

a.  Reaction  buffer:  50  mM  Tris-HCl,  pH  7,4,  2.5  mM  dithiothreitol  (DTT; 
3.8  mg/mL),  10  pM  tetrahydrobiopterin  (BH4;  3.1  mg/mL).  Although  Tris- 
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HCl  can  be  kept  at  4°Cfor  an  extended  period,  DTT  and  BH4  must  be  added 
to  Tris-HCl  on  the  day  of  the  assay. 

b.  NADPH  solution  (1 .25  m M):  Dissolve  5  mg  of  NADPH  in  5  mL  of  reaction 
buffer.  This  tube  must  be  protected  from  light  and  kept  on  ice. 

c.  CaCl2  solution  (28  m M):  Dissolve  78  mg  of  CaCl,  in  5  mL  reaction  buffer 

d.  Radioactive  solution:  Mix  12.5  pL  L-f2,3-3H]arginine  (specific  activity: 
36.8  Ci/mmol;  Dupont-NEN,  Boston,  MA)  with  1250  pL  reaction  buffer  This 
tube  must  be  protected  from  light  and  kept  on  ice.  Ten  microliters  of  this 
radioactive  mix  should  produce  250, 000-500, 000  dpm 

e.  Stopping  buffer:  20  m M  HEPES,  pH  5.5,  1  mM  EDTA,  and  1  m M  EGTA 

f.  Resin  suspension:  Wash  100  g  Dowex  AG50WX-8  (Pharmacia,  Piscataway, 
NJ)  resin  (hydrogen  form)  with  200  mL  I  N  NaOH  to  convert  it  from  the 
hydrogen  to  the  Na  form.  Gently  stir  the  mixture  for  15  min  at  RT,  let  the  mix 
settle,  then  pour  off  the  liquid,  and  repeat  the  NaOH  wash  two  more  times. 
Afterward,  wash  the  resin  several  times  with  distilled  water  until  the  pH  (use 
pH  paper)  of  the  resin  suspension  is  between  7.0  and  8.0.  Then  decant  and 
resuspend  the  resin  with  stopping  buffer.  The  prepared  resin  suspension  can 
be  kept  for  several  weeks  in  a  beaker  covered  with  parafilm  at  4°C. 


4. 


5. 


3.  Methods 

3 - 1-  NOS  Immunostaining  Protocol 

1.  Anesthetize  rats  or  mice  with  pentobarbital  (35-45  mg/kg  intraperitoneal  injec¬ 
tion)  and  perfuse  them  with  cold  saline  followed  by  4%  paraformaldehyde/0. 1  M 
PB  containing  0.1%  glutaraldehyde  (250  mL  for  rats  and  75  mL  for  mice) 

;•  Remove  brains  and  postfix  tissues  for  2  h  in  4%  paraformaldehyde/0  1  M  PB 
3.  Cryoprotect  brains  by  immersing  them  in  20%  (v/v)  glycerol  in  PB  Alterna¬ 
tively,  the  brains  can  be  cryoprotected  in  30%  (v/v)  sucrose  in  PB  by  sequentially 
bathing  the  tissue  in  10,  20,  and  30%  sucrose. 

Permeabilize  slide-mounted  or  free-floating  tissue  sections  in  TBS  containing 
0.4%  Triton  X- 1 00  for  30  min  at  RT  (see  Note  1). 

Block  tissue  sections  tor  1  h  in  TBS  containing  4%  normal  goat  serum  (NGS) 

0.2%  Triton  X- 100,  and  0.02%  NaN3  at  RT. 

6.  Incubate  sections  overnight  at  4°C  in  TBS  containing  0.1%  Triton  X-100,  2% 
NGS,  and  0.02%  NaN3  with  the  appropriate  dilution  of  primary  antibody. 

7.  Rinse  tissue  sections  with  TBS  containing  1  %  NGS  (3X10  min). 

8.  Incubate  tissue  sections  with  a  biotinylated  goat-anti-rabbit  antibody  (Vector)  at 
a  1:200  dilution  for  1  h  at  RT  in  TBS  containing  1 .5%  NGS. 

Rinse  tissue  sections  2X10  min  in  TBS  containing  1  %  NGS  and  then  2X10  min  in  TBS. 
Incubate  tissue  sections  with  an  avidin-biotin-horseradish  peroxidase  complex 
(Vector  Elite,  Vector)  at  a  1 :50  dilution  in  TBS  for  1  h  at  RT. 

Rinse  tissue  sections  3X10  min  in  TBS. 

Develop  color  with  a  substrate  solution  consisting  of  0. 1  %  H202  and  0  5  mg/mL 
diaminobenzidine  in  TBS. 

1 3.  Rinse  section  with  TBS. 


9. 

10. 

11. 

12. 
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14.  Mount  sections  on  gelatin-coated  glass  slides  and  allow  to  air  dry  prior  to  coun- 
terstaining  (facultative)  with  thionin,  which  gives  a  light  blue/purple  color  to  the 
nucleus  of  all  cells  and  to  Nissl  bodies  of  neurons. 

15.  Dehydrate  the  sections  and  coverslip  using  Permount  (Fisher)  (see  Note  2). 

3.2.  NADPH-Diaphorase  Histochemistry 

1.  Anesthetize  rats  or  mice  with  pentobarbital,  perfuse,  and  process  brains  as 
described  for  NOS  immunohistochemistry  ( see  Subheading  3,1.,  steps  2-4). 

2.  Incubate  sections  at  37°C  in  the  NADPH-diaphorase  staining  mix. 

3.  Check  staining  at  30  min  under  a  light  microscope. 

4.  Let  stain  for  30—90  min.  Cells  that  contain  NOS  should  turn  purple/dark  blue. 

5.  Stop  the  reaction  by  rinsing  the  tissue  sections  (3  X  10  min)  in  cold  TBS  ( see 

Note  3). 

6.  Mount  sections  on  gelatin-coated  glass  slides. 

7.  If  counterstaining  is  required,  use  any  dye  that  produces  a  color  other  than  blue/ 
purple  such  as  crystal  green. 

8.  Dehydrate  sections  and  coverslip  using  Permount  (Fisher)  ( see  Note  2). 

3.3.  NOS  Catalytic  Activity 

3.3.1.  Tissue  Preparation 

1 .  Sacrifice  rats  or  mice  by  decapitation  and  quickly  remove  the  brains. 

2.  Dissect  out  regions  of  interest  such  as  striatum  and  cerebellum  freehand  on  an 
ice-cold  glass  Petri  dish  (87). 

3.  Immediately  freeze  the  samples  on  dry  ice  and  store  at  -80°C  until  analysed. 

3.3.2.  Radioenzymatic  Assay 

nNOS  and  eNOS  catalytic  activity  are  assayed  by  measuring  Ca2+-depen- 

dent  activity;  iNOS  is  assayed  by  measuring  the  Ca2"* -independent  conversion 

of  [3H]arginine  to  [3H]citralline  (49). 

1.  On  the  day  of  the  assay,  sonicate  frozen  tissue  samples  in  20  volumes  (w/v)  50  m M 
Tris-HCl,  pH  7.4,  buffer  containing  1  m M  EDTA  and  1  m M  EGTA  and  keep  on  ice. 

2.  Add  25  pL  of  homogenate  to  the  various  reaction  tubes,  which  should  be  placed 
on  ice  and  prepared  as  described  in  Table  2  ( see  Note  4). 

3.  Incubate  tubes  for  15  min  at  25 °C. 

4.  Terminate  the  reaction  by  the  addition  of  3  ml  of  cold  stopping  buffer. 

5.  Apply  the  total  resulting  volume  progressively  to  a  mini-column  packed  with 
0.5-1 .0  mL  Dowex  AG50WX-8  resin. 

6.  Quantify  [3H]citrulline  by  liquid  scintillation  counting  of  the  eluate.  For  each 
experiment,  the  blank  (background)  is  generated  by  omitting  NADPH  (see  Note  2). 

4.  Notes 

1 .  Although  we  use  TBS,  phosphate-buffered  saline  would  give  the  same  result  in 
most  instances.  However,  be  aware  that  many  enzymes,  including  horseradish 
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Table  2 

Experimental  Tubes  (Duplicate)  for  NOS  Activity  Assay3 

Ca2+-dependent  activity  Ca2+-independent  activity  Blank 


2 


Tris  buffer 

0 

0 

Radioactive 

10 

10 

CaCl2 

10 

10 

Homogenate 

25 

25 

NADPH 

80 

80 

Total  volume 

125 

125 

"All  volumes  are  in  pL.  NADPH  starts 


2 


10 

10 

90 

10 

10 

10 

0 

0 

0 

25 

25 

25 

80 

80 

0 

125 

125 

125 

e  reaction,  so  it  should  be  added  last. 


2 


90 

10 

0 

25 

0 

125 


peroxidase,  can  be  inhibited  by  phosphate.  Thus,  unless  required,  TBS  would  be 
the  preferred  buffer. 

2.  In  case  of  failure  in  any  of  the  assays  described  above,  do  not  dismiss  the  possi¬ 
bility  that  the  culprit  could  be  the  water  (e.g.,  inhibition  caused  by  deionized 
water,  infection),  buffer  (e.g.,  incorrect  concentration  or  pH),  and  degradation  or 
omission  of  the  primary  or  secondary  antibodies  as  well  as  key  reagents  such  as 
NADPH. 

3.  For  NADPH-diaphorase,  be  aware  that  when  the  solution  turns  pink/purple,  the 
reaction  should  be  stopped.  Optimal  NADPH-diaphorase  staining  is  usually 
obtained  prior  to  the  solution  turning  pink/purple. 

4.  For  NOS  activity,  if  only  nNOS  activity  is  to  be  studied,  then  it  is  preferable  to 
centrifuge  the  tissue  homogenate  (18,000#,  15  min,  4°C)  and  use  25  pL  of  the 
supernatant  for  the  reaction  since  nNOS  is  a  soluble  enzyme. 
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Parkinson5  s  disease  (PD)  is  a  common  disabling  neuro- 
degenerative  disorder  the  cardinal  clinical  features  of  which 
include  tremor,  rigidity  and  slowness  of  movement  (Fahn 
and  Przedborski  2000).  These  symptoms  are  attributed 
mainly  to  a  profound  reduction  of  dopamine  in  the 
striatum  due  to  a  dramatic  loss  of  dopaminergic  neurons 
in  the  substantia  nigra  pars  compacta  (SNpc)  (Fahn  and 
Przedborski  2000).  Thus  far,  both  the  cause  and  the 
mechanisms  of  PD  remain  unknown.  Over  the  years, 
investigators  have  used  experimental  models  of  PD 
produced  by  several  compounds  such  as  reserpine, 
6-hydroxydopamine,  methamphetamine,  and  1 -methyl -4- 
phenyl-l,2,3,6-tetrahydropyridine  (MPTP)  to  provide 
insights  into  the  mechanisms  responsible  for  the  demise  of 
dopaminergic  neurons  in  PD.  To  this  end,  MPTP  has 
emerged  unquestionably  as  a  popular  tool  for  inducing  a 
model  of  PD  in  a  variety  of  animal  species  including 
monkeys,  rodents,  cats,  and  pigs  (Kopin  and  Markey  1988). 
The  sensitivity  to  MPTP  and  therefore  its  ability  to  induce 
parkinsonism  closely  follows  the  phylogenetic  tree  where 
the  species  most  closely  related  to  humans  are  the  most 
vulnerable  to  this  neurotoxin.  Due  to  the  significant 
neurotoxicity  of  MPTP,  it  is  important  that  researchers 
appreciate  the  potential  hazards  of  this  toxin.  Given  this,  the 
purpose  of  this  review  is  to  inform  the  researcher  of  the 
hazardous  nature  of  MPTP  and  to  provide  guidance  for  its 
safe  handling  and  use. 

MPTP  models  of  PD 

.MPTP  is  a  by-product  of  the  chemical  synthesis  of  a 
meperidine  analog  with  potent  heroin-like  effects.  MPTP 


can  induce  a  parkinsonian  syndrome  in  humans  almost 
indistinguishable  from  PD  (Langston  and  Irwin  1986). 
Recognition  of  MPTP  as  a  neurotoxin  occured  early  in  1982, 
when  several  young  drug  addicts  mysteriously  developed  a 
profound  parkinsonian  syndrome  after  the  intravenous  use 
of  street  preparations  of  meperidine  analogs  which, 
unknown  to  anyone,  were  contaminated  with  MPTP 
(Langston  et  ah  1983).  In  humans  and  non-human  primates, 
depending  on  the  regimen  used,  MPTP  can  produce  an 
irreversible  and  severe  parkinsonian  syndrome  that  repli¬ 
cates  almost  all  of  the  features  of  PD,  including  tremor, 
rigidity,  slowness  of  movement,  postural  instability,  and 
even  freezing;  in  non-human  primates,  a  resting  tremor 
characteristic  of  PD  has  only  been  demonstrated  convin¬ 
cingly  in  the  African  green  monkey  (Tetrad  et  al  1986).  The 
responses,  as  well  as  the  complications,  to  traditional 
antiparkinsonian  therapies  are  virtually  identical  to  those 
seen  in  PD.  It  is  believed  that  in  PD  the  neurodegenerative 
process  occurs  over  several  years,  while  the  most  active 
phase  of  neurodegeneration  is  completed  within  a  few 
days  following  MPTP  administration  (Langston  1987; 
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Jackson-Lewis  et  al  1995).  However,  recent  data  suggest 
that,  following  the  main  phase  of  neuronal  death,  MPTP- 
induced  neurodegeneration  may  continue  to  progress 
‘silently’  over  several  decades,  at  least  in  humans  intoxi¬ 
cated  with  MPTP  (Vingerhoets  et  al  1994;  Langston  et  al 
1999).  Except  for  four  cases  (Davis  et  al  1979;  Langston 
et  al  1999),  no  human  pathological  material  has  been 
available  for  studies  and  thus,  the  comparison  between  PD 
and  the  MPTP  model  is  largely  limited  to  primates  (Fomo 
et  al  1993).  Neuropathological  data  show  that  MPTP 
administration  causes  damage  to  the  nigrostriatal  dopami¬ 
nergic  pathway  identical  to  that  seen  in  PD  (Agid  et  al 
1987),  yet  there  is  a  resemblance  that  goes  beyond  the  loss 
of  SNpc  dopaminergic  neurons.  Like  PD,  MPTP  causes 
greater  loss  of  dopaminergic  neurons  in  SNpc  than  in  ventral 
tegmental  area  (Seniuk  et  al  1990;  Muthane  et  al  1994) 
and,  at  least  in  monkeys  treated  with  low  doses  of  MPTP  but 
not  in  humans,  greater  degeneration  of  dopaminergic  nerve 
terminals  in  the  putamen  than  in  the  caudate  nucleus 
(Moratalla  et  al  1992;  Snow  et  al  2000).  However,  two 
typical  neuropathologic  features  of  PD  have,  until  now,  been 
lacking  in  the  MPTP  model.  First,  except  for  SNpc, 
pigmented  nuclei  such  as  locus  coeruleus  have  been  spared, 
according  to  most  published  reports.  Second,  the  eosino¬ 
philic  intraneuronal  inclusions,  called  Lewy  bodies,  so 
characteristic  of  PD,  thus  far,  have  not  been  convincingly 
observed  in  MPTP-induced  parkinsonism  (Fomo  et  al 
1993),  although,  in  MPTP-injected  monkeys,  intraneuronal 
inclusions  reminiscent  of  Lewy  bodies  have  been  described 
(Fomo  et  al  1986). 

Modes  of  administration 

To  date,  the  most  frequently  used  animals  for  MPTP  studies 
are  monkeys,  mice  and  rats.  The  administration  of  MPTP 
through  a  number  of  different  routes  using  different  dosing 
regimens  has  led  to  the  development  of  several  distinct 
models,  each  characterized  by  some  unique  behavioral  and/ 
or  biochemical  features.  The  manner  in  which  these  models 
were  developed  is  based  on  the  concept  of  delivering  MPTP 
in  a  fashion  that  creates  the  most  severe  and  stable  form  of 
SNpc  damage  with  the  least  number  of  undesirable 
consequences  such  as  acute  death,  dehydration  and  mal¬ 
nutrition.  Although  MPTP  can  be  given  by  a  number  of 
different  routes,  including  gavage  and  stereotaxic  injection 
into  the  brain,  the  most  common,  reliable,  and  reproducible 
lesion  is  provided  by  its  systemic  administration  (i.e. 
subcutaneous,  intravenous,  intraperitoneal  or  intramuscular). 

Monkeys 

The  mo£t  commonly  used  regimens  in  monkeys  are  the 
multiple  intraperitoneal  or  intramuscular  injections  and  the 
intracarotid  infusion  of  MPTP  (Petzinger  and  Langston 
1998).  The  former  is  easy  to  perform  and  produces  a 


bilateral  parkinsonian  syndrome.  However,  often  the 
monkey  exhibits  a  generalized  parkinsonian  syndrome  so 
severe  that  chronic  administration  of  levodopa  is  required  to 
enable  the  animal  to  eat  and  drink  adequately  (Petzinger  and 
Langston  1998).  On  the  other  hand,  the  unilateral  intra¬ 
carotid  infusion  is  technically  more  difficult,  but  causes 
symptoms  mainly  on  one  side  (Bankiewicz  et  al  1986; 
Przedborski  et  al  1991),  which  enables  the  monkey  to 
maintain  normal  nutrition  and  hydration  without  the  use 
levodopa. 

For  many  years  monkeys  were  mainly,  if  not  exclusively, 
treated  with  harsh  regimens  of  MPTP  to  produce  an  acute 
and  severe  dopaminergic  neurodegeneration  (Petzinger  and 
Langston  1998).  More  recently,  several  investigators  have 
treated  monkeys  with  low  doses  of  MPTP  (e.g.  0.05  mg/kg 
2-3-times  per  week)  for  a  prolonged  period  of  time  (i.e. 
weeks  to  months)  in  an  attempt  to  better  model  the  slow 
neurodegenerative  process  of  PD  (Schneider  and  Roeltgen 
1993;  Bezard  etal  1997;  Schneider  etal.  1999).  While  both 
the  acute  and  the  chronic  MPTP-monkey  models  are 
appropriate  for  the  testing  of  experimental  therapies 
aimed  at  alleviating  PD  symptoms,  it  is  the  chronic  model 
that  is,  presumably,  the  most  suitable  for  the  testing  of 
neuroprotective  strategies. 

Mice 

In  addition  to  monkeys,  many  other  mammalian  species  are 
also  susceptible  to  MPTP  (Kopin  and  Markey  1988; 
Heikkila  et  al  1989;  Przedborski  et  al  2000).  Mice  have 
become  the  most  commonly  used  species  for  both  technical 
and  financial  reasons.  However,  several  problems  need  to  be 
emphasized.  First,  mice  are  much  less  sensitive  to  MPTP 
than  monkeys;  thus,  much  higher  doses  are  required  to 
produce  significant  SNpc  damage  in  this  animal  species, 
presenting  a  far  greater  hazardous  situation.  Second,  in 
contrast  to  the  situation  in  monkeys,  mice  treated  with 
MPTP  do  not  develop  parkinsonism.  Third,  the  magnitude 
of  nigrostriatal  damage  depends  on  the  dose  and  dosing 
schedule  (Sonsalla  and  Heikkila  1986). 

Rats 

The  use  of  MPTP  in  rats  presents  an  interesting  situation 
(Kopin  and  Markey  1988).  For  instance,  rats  injected  with 
mg/kg  doses  of  MPTP  comparable  to  those  used  in  mice  do 
not  exhibit  any  significant  dopaminergic  neurodegeneration 
(Giovanni  et  al  1994a;  Giovanni  et  al  1994b).  Conversely, 
rats  injected  with  much  higher  doses  of  MPTP  do  exhibit 
significant  dopaminergic  neurodegeneration  (Giovanni  et  al 
1994a;  Giovanni  etal  1994b)  although,  at  these  high  doses, 
rats  have  to  be  pretreated  with  guanethidine  to  prevent 
dramatic  peripheral  catecholamine  release  and  extensive 
mortality  (Giovanni  et  al  1994a).  These  findings  indicate 
that  rats  are  relatively  insensitive  to  MPTP,  but  regardless  of 
this  drawback,  rats  continue  to  be  used  often  in  MPTP 
studies  (Storey  et  al  1992;  Giovanni  et  al  1994a;  Giovanni 
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et  al  1994b;  Staal  and  Sonsalla  2000;  Staal  et  al  2000),  In 
rats,  the  systemic  administration  of  MPTP  is  rarely  used  and 
the  vast  majority  of  studies  involve  the  stereotaxic  infusion 
of  MPTP’s  toxic  metabolite,  l-methyI-4-phenyIpyridinium 
(MPP+)  (Storey  et  ah  1992;  Giovanni  et  ah  1994a;  Giovanni 
et  ah  1994b;  Staal  and  Sonsalla  2000;  Staal  et  ah  2000), 

Intervening  factors 

Several  factors  influence  the  reproducibility  of  the  lesion  in 
monkeys,  rats,  and  mice.  However,  to  our  knowledge,  the 
extensive  and  systematic  assessment  of  these  factors  has 
only  been  done  in  mice,  and  can  be  found  in  the  following 
references  (Heikkila  et  ah  1989;  Giovanni  et  al  1991; 
Giovanni  et  ah  1994a;  Giovanni  et  ah  1994b;  Miller  et  ah 
1998;  Harare  et  ah  1999;  Staal  and  Sonsalla  2000),  the 
highlights  of  which  can  be  summarized  as  follows:  different 
strains  of  mice  (and  even  within  a  given  strain  obtained  from 
different  vendors)  can  exhibit  strikingly  distinct  sensitivity 
to  MPTP.  This  differential  sensitivity  acts  in  an  autosomal 
dominant  fashion  (Hamre  et  ah  1999).  Gender,  age,  and 
body  weight  are  also  factors  that  modulate  MPTP  sensitivity 
as  well  as  reproducibility  of  the  lesion,  in  that  female  mice 
are  less  sensitive  and  exhibit  more  variability  in  the  extent  of 
damage  than  males,  as  do  mice  younger  than  8  weeks  and 
lighter  than  25  g.  From  our  experience,  optimal  reproduci¬ 
bility  in  MPTP  neurotoxicity  is  obtained  using  male  €57 
BL/6  mice  8—10  weeks  of  age  and  25—30  g  in  weight.  Also 
of  importance  is  that,  following  MPTP  administration,  some 
mice  will  die  within  the  first  48  h  postinjection;  note  that 
C57  BL/6  mice  from  different  vendors  exhibit  dramatically 
different  magnitudes  of  acute  lethality,  ranging  from  5%  to 
90%.  This  common  issue  is  unlikely  related  to  a  toxic  effect 
in  the  central  nervous  system  but  rather  toxicity  to  the 
peripheral  nervous  and  cardiovascular  systems.  Although,  to 
our  knowledge,  this  possibility  has  never  been  formally 
studied,  we  believe  that,  following  acute  MPTP  administra¬ 
tion,  mice  develop  fatal  alterations  in  heart  rate  and  blood 
pressure.  Moreover,  MPTP  intoxication  causes  a  transient 
drop  in  body  temperature,  which  not  only  can  modulate  the 
extent  of  dopaminergic  damage  (Moy  et  ah  1998),  but  can 
also  contribute  to  acute  lethality.  Death  rate  can  be  reduced 
by  maintaining  the  body  temperature  of  the  injected  mice 
using  a  temperature-controlled  warming  pad  (do  not  use  a 
lamp,  which  can  kill  mice  by  overheating  them  as  there  is  no 
control  of  the  temperature). 

Metabolism  of  MPTP 

MPTP  has  a  complex  multistep  metabolism  (Tipton  and 
Singer  1993;  Przedborski  et  ah  2000).  It  is  highly  lipophilic, 
and  freely  and  rapidly  crosses  the  blood-brain  barrier. 
Within  a  minute  after  MPTP  injection,  levels  of  the  toxin  are 
detectable  in  the  brain  (Markey  et  ah  1984).  Once  in  the 


brain,  MPTP  is  metabolized  to  l-methyl-4-pheny  1-2,3- 
dihydropyridinium  (MPDP+)  by  the  enzyme  monoamine 
oxidase  B  (MAO-B)  in  non-dopaminergic  cells.  Then 
MPDP+  is  oxidized  to  the  active  MPTP  metabolite, 
MPP+,  which  is  then  released  into  the  extracellular  space, 
where  it  is  taken  up  by  the  dopamine  transporter  and  is 
concentrated  within  dopaminergic  neurons,  where  it  exerts 
its  toxic  effects.  The  essential  role  of  these  different 
metabolic  steps  in  MPTP-induced  neurotoxicity  and  the 
fact  that  MPP+  is  the  actual  culprit  are  demonstrated  by  the 
following  observations:  (1)  pretreatment  with  MAO-B 
inhibitors  such  as  deprenyl  prevents  MPTP  biotransforma¬ 
tion  to  MPP+  and  blocks  dopaminergic  toxicity  (Heikkila 
et  ah  1984;  Markey  et  ah  1984);  (2)  pretreatment  with 
dopamine  uptake  inhibitors  (e.g.  mazindol)  prevents  MPP+ 
entry  into  dopaminergic  neurons  and  also  blocks  dopami¬ 
nergic  toxicity  (Javitch  et  al  1985),  at  least  in  mice;  and  (3) 
striatal  MPP+  content  correlates  linearly  with  dopaminergic 
toxicity  in  mice  (Giovanni  et  ah  1991), 

Body  distribution  and  environmental 
contamination 

Knowing  where  MPTP  and  its  toxic  metabolite,  MPP+, 
accumulate  both  inside  and  outside  of  the  body  of  the 
injected  animal  following  MPTP  administration  is  germane 
to  the  formulation  of  any  set  of  standard  practices  for  the 
safe  use  of  MPTP. 

Following  MPTP  administration  to  both  mice  and 
monkeys,  only  the  interior  surfaces  of  the  cage,  the  surfaces 
that  the  animals  and/or  their  excreta  could  physically  touch, 
including  food  and  drinking  bottle,  are  contaminated  with 
MPTP  and  its  metabolites  (Yang  et  ah  1988).  Conversely, 
no  evidence  of  contamination  is  found  outside  of  the  cage  or 
on  the  outside  surrounding  surfaces  (Yang  et  ah  1988).  At 
two  days  postinjection,  70%  of  the  total  injected  dose  of 
MPTP  and  its  metabolites  is  recovered  from  the  inside  cage- 
wash,  urine  and  feces,  of  which  about  15%  in  mice  and  2% 
in  monkeys  is  unmetabolized  MPTP,  while  the  rest  is  due  to 
MPTP  metabolites,  such  as  MPP+,  Moreover,  it  appears  that 
the  excretion  of  unmetabolized  MPTP  occurs  mainly  during 
the  first  day  postinjection,  while  mainly  MPTP  metabolites 
are  excreted  up  to  3  days  postinjection  (Yang  et  ah  1988). 
There  is  no  evidence  either  in  mice  or  in  monkeys  that 
MPTP  and  its  metabolites  am  still  being  excreted  after 
3  days  post  MPTP  administration.  Although  high  concen¬ 
trations  of  MPTP  are  found  in  the  bile,  the  main  route  of 
MPTP  excretion  is  the  urine  (Johannessen  et  al  1986). 
MPTP  in  urine  will  likely  be  ionized  and  not  volatile,  and  be 
well  absorbed  by  the  animal  bedding.  Also,  less  than  0.01% 
of  the  total  injected  dose  of  MPTP  is  detected  as  volatile 
MPTP,  which  probably  originates  from  the  animals  exhaling 
MPTP  or  from  vapors  from  contaminated  urine  (Yang  et  al 
1988). 
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One  day  after  an  injection  of  radiolabeled  MPTP  to  mice, 
most  of  the  radioactivity  is  localized  in  the  brain  and  the 
adrenal  gland,  while  all  other  organs  contain  50-75%  lower 
amounts  of  radioactivity  (Johannessen  et  al.  1986).  Analysis 
of  the  radioactive  species  recovered  from  different  organs 
and  body  fluids  such  as  bile,  urine,  blood,  and  CSF 
demonstrates  variable  amounts  of  unmetabolized  MPTP 
soon  after  injection,  but  by  12-24  h  postinjection,  essen¬ 
tially  all  of  the  radioactivity  corresponds  to  MPP+  (Markey 
et  al.  1984;  Johannessen  et  al.  1986). 

From  the  above,  it  appears  that  the  potential  risks  of 
exposure  to  MPTP  are  through  direct  contact  with  the 
animal,  the  animal  cage  inner  surfaces,  and  its  bedding 
material.  There  is  minimal  risk  from  exposure  due  to 
airborne  or  vapor-borne  forms  of  MPTP.  Although  safety 
procedures,  as  outlined  below,  must  always  be  followed,  the 
period  of  maximal  risk  of  MPTP  contamination  is  from  the 
moment  of  injection  to  the  time  that  MPTP  or  its  metabolites 
are  no  longer  found  in  the  excreta  of  treated  animals;  as  a 
precautionary  measure,  we  recommend  extending  the 
period  of  high-risk  from  3  days  to  5  days  post-MPTP 
injection. 


Personal  protection 

Prior  to  discussing  MPTP  preparation,  injection  and  animal 
experimentation,  it  is  necessary  to  discuss  the  issues  of  the 
recommended  facility  and  personal  protective  equipment 
(PPE).  As  a  rule,  only  investigators  and/or  staff  members 
who  are  trained  in  handling  hazardous  agents  and  who  are 
familiar  with  MPTP  safety  procedures  and  practices  should 
prepare  and  administer  MPTP,  and  monitor  the  animals 
during  the  high-risk  period  (i.e.  5  days  post-MPTP  injec¬ 
tion).  Of  note,  any  staff  member  who  undertakes  these  tasks 
should  give  informed  consent  and  not  be  coerced  into  taking 
on  MPTP-related  duties.  Moreover,  it  is  strongly  recom¬ 
mended  that  all  aspects  of  the  MPTP  experiment,  including 
storage  and  solution  preparation,  take  place  in  a  dedicated 
procedure  room  (for  small  animals)  or  area  within  the 
animal  room  (for  large  animals),  and  not  in  a  regular 
laboratory.  For  personal  safety,  when  using  MPTP, 
researchers  are  required  to  wear  the  PPE  described  below, 
during  the  preparation  of  the  MPTP  solution,  the  injection 
period,  and  5  days  postinjection.  Thereafter,  regular 
laboratory  attire  as  required  to  handle  animals  is  sufficient. 

It  is  important  to  emphasize  that  in  laboratories 
committed  to  MPTP  research,  one  cannot  exclude  that 
exposure  to  even  trace  amounts  of  MPTP  over  many 
years  of  the  same  investigator  and/or  staff  member 
may  have  negative  consequences.  This  is  one  more 
reason  why  a  heightened  standard  of  protection  must  be 
implemented  for  any  individual  involved  in  MPTP 
experiments. 


Dedicated  procedure  room  and  area  within  animal 
room 

All  MPTP  experiments  including  preparation  of  solutions 
must  be  performed  in  a  procedure  or  animal  room  under 
negative-pressure  because  aerosols  from  MPTP  and  its 
metabolites  can  be  generated  from  bedding,  excreta  and 
animal  fur.  All  animals  should  be  acclimated  to  the  room  for 
4-7  days  prior  to  any  MPTP  experiment  to  allow  for 
monoamine  stabilization  before  MPTP  injection  since 
monoamine  level  alterations  may  affect  intragroup  lesion 
reproducibility.  The  procedure  or  animal  room  should  have 
a  12-h  light-dark  cycle,  a  bench  with  a  working  area,  a  sink, 
and  be  temperature-controlled.  For  small  animals  like  mice, 
it  should  also  be  equipped  with  an  animal  rack  to  hold  all  of 
the  cages  and  a  fume  hood.  All  furniture  should  be  of 
stainless  steel  or  of  any  material,  except  wood,  that  is  acid- 
resistant  and  washable.  All  working  surfaces  including  the 
fume  hood  and  animal  racks  should  be  covered  with 
materials  that  are  absorbent  on  the  face-up  side  and  non¬ 
absorbent  on  the  face-down  side.  The  entire  floor  of  the 
procedure  room  or  working  area  in  the  animal  room  for 
large  animals  should  be  covered  with  plastic-backed 
absorbent  sheets.  A  warning  sign  clearly  stating  ‘Danger! 
MPTP  Neurotoxin  Use  Area  -  Entry  Restricted’  must  be 
posted  on  the  outside  of  the  procedure  or  animal  room  door. 
The  room  must  be  locked  at  all  times  and  the  animal  care 
staff  informed  of  the  ongoing  use  of  MPTP  and  its  dangers. 
They  must  also  be  informed  that  this  room  is  off  limits 
unless  allowed  to  enter  by  the  responsible  investigator. 

This  procedure  room  or  designated  procedure  area  should 
be  completely  equipped  with  all  of  the  necessary  supplies 
for  the  MPTP  experiments.  It  should  also  contain  a  sharps 
disposal  container  clearly  labeled  as  hazardous  waste,  a 
container  lined  with  a  hazardous  waste  disposal  bag  for  solid 
waste  (diapers,  gloves,  animal  shavings,  etc.),  gloves, 
absorbent  pads,  paper  towels,  markers,  weighing  scales  for 
animals  and  MPTP,  sterile  saline,  syringes  with  needles,  1% 
bleach  (sodium  hypochlorite)  solution  in  water,  a  strong 
biodegradable  detergent,  personal  protective  equipment  (see 
below),  and  deprenyl  (selegiline),  an  MAO-B  inhibitor,  for 
accidental  exposure  to  MPTP.  It  is  imperative  that  the 
material  safety  data  sheet  (MSDS)  for  MPTP,  which  is 
supplied  by  the  manufacturer,  be  kept  in  the  room.  Thus, 
once  in  the  room  or  area,  there  should  be  no  need  to  exit 
during  the  injection  period. 


Personal  protection  equipment 

PPE  must  be  worn  during  all  procedures  involving  MPTP, 
including  during  the  5  days  post-MPTP  injection.  The 
PPE  is  far  more  important  when  injecting  mice  than 
monkeys  as  mice  require  significantly  higher  doses  of 
MPTP.  The  PPE  consists  of  a  one-piece  garment  with  an 
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attached  hood,  elasticized  wrists  and  attached  boots  made  of 
a  lightweight,  chemically  and  biologically  inert,  non¬ 
absorbent  material  that  is  tear-resistant  and  provides 
protection  from  airborne  particles.  This  garment  should  be 
easy  enough  to  get  into  and  economical  enough  to  throw 
away  after  one  wearing.  For  example,  coveralls  made  of 
Tyvek  fabric  with  elasticized  wrists  and  boots  and  an 
attached  hood  (Kapplar,  Guntersville,  AL,  USA)  can  be 
used.  A  full-face  respirator  with  removable  HEPA  filter 
cartridges  that  is  fit-tested  to  the  individual  is  preferred  for 
facial  and  respiratory  protection.  Alternatively,  a  half-face 
air-purifying  respirator  with  removable  HEPA  cartridges 
that  is  approved  by  the  National  Institute  of  Occupational 
Safety  and  Health  (NIOSH)/Mine  Safety  Health  Adminis¬ 
tration  (MSHA)  for  respiratory  protection  against  dusts  that 
is  fit-tested  to  the  individual  using  the  respirator  can  also  be 
used.  The  respirator  is  re-usable  and  should  be  thoroughly 
wiped  with  1%  bleach  solution  then  washed  with  detergent 
after  each  use;  wipes  must  be  disposed  of  in  the  hazardous 
waste  container.  Splash-proof  goggles  and  double-layered 
nitrile  under  latex  gloves  complete  the  PPE  attire.  All  items 
comprising  the  PPE  attire  can  be  obtained  from  a  large 
general  laboratory  supply  company.  The  office  of  environ¬ 
mental  health  and  safety  in  any  Institution  where  MPTP  is  to 
be  used  must  be  consulted  for  guidance  in  obtaining  PPE 
attire  for  use  with  MPTP. 

Housing 

For  small  animals  such  as  mice,  disposable  cages  and 
accessories  are  strongly  recommended  as  they  permit 
incineration  of  waste  without  bedding  changes.  Covering 
cages  with  filter  bonnets  is  recommended  to  significantly 
reduce  both  room  contamination  and  cross  contamination  of 
other  animals.  Small  animal  cages  should  be  placed  on  the 
animal  rack  in  the  procedure  room  prior  to  and  during  the 
five-day  period  post-MPTP  injection.  All  injections  must  be 
performed  in  the  fume  hood  in  the  procedure  room. 

For  large  animals  such  as  monkeys,  enclosed  cages  should 
be  used.  The  base  of  the  cage  and  the  drop  pan  must  be  lined 
with  plastic-backed  absorbent  pads. 

MPTP  storage  and  handling 

MPTP  can  be  purchased  from  several  commercial  sources. 
Unless  specifically  required,  do  not  use  MPTP  as  the  free 
base,  but  only  as  the  hydrochloride  or  other  non-volatile  salt 
conjugate,  MPTP  storage  and  handling  must  be  restricted  to 
the  procedure  room  or  designated  area  within  the  animal 
room.  Minimize  the  use  of  large  volumes,  concentrated 
solutions,  and  handling  of  MPTP  powder  and  never 
transport  MPTP  solutions  or  opened  vials  of  MPTP  outside 
of  the  dedicated  room,  MPTP  may  be  purchased  in  small 
quantities  of  10  mg  or  100  mg  in  glass  septum  bottles.  Vials 


of  MPTP  must  be  kept  closed  until  used  and  stored  at  room 
temperature  in  a  container  within  a  vacuum-sealed 
desiccated  container.  This  second  container  should  be 
kept  in  a  locked  cabinet  with  a  permanently  affixed 
‘MPTP  —  Neurotoxin  ’  label.  This  cabinet  must  be  secured 
to  a  non-removable  surface  in  the  procedure  room  or  area. 

Only  investigators  appropriately  trained  in  the  handling  of 
MPTP  should  perform  manipulations  involving  the  powder. 
Use  of  glass  containers  will  reduce  handling  problems  that 
result  from  the  electrostatic  properties  of  plastic.  It  is 
strongly  recommended  that  a  balance  dedicated  to  weigh 
MPTP  powder  be  kept  in  the  procedure  room.  Prior  to 
weighing  MPTP  powder,  cover  the  weighing  area  with  pads 
dampened  with  1%  bleach  solution  to  reduce  the  risk  of 
airborne  MPTP  powder  particles.  To  minimize  the  risk  of 
MPTP  powder  spills,  the  weighing  procedure  described  by 
Pitts  ei  ah  (1986)  is  a  safe  method:  tare  a  small  container 
(e.g.  small  scintillation  glass  vial  with  a  screw  cap);  take  the 
tared  container  and  place  an  approximated  amount  of  MPTP 
in  it,  close  and  wipe  container  with  1%  bleach  solution; 
weigh  container;  then  add  solvent  to  give  desired  concen¬ 
tration;  again  wipe  container  and  all  other  items  with  1% 
bleach  solution;  dispose  of  all  wastes  in  a  hazardous  waste 
container.  Alternatively,  if  a  given  experiment  requires  a 
total  daily  dose  of  less  than  10  mg  or  100  mg  of  MPTP,  then 
it  is  safer  not  to  open  the  vial  and  weigh  the  powder  but  to 
add  the  desired  volume  of  solvent/vehicle  directly  to  the 
sealed  10  mg  or  100  mg  vial.  It  must  be  understood  that  this 
MPTP  solution  has  to  be  used  in  one  day  and  the  remainder 
discarded  since  MPTP  in  solution  oxidizes  at  room 
temperature;  prior  to  discarding  the  used  MPTP  sealed 
vial,  inject  a  volume  of  1%  bleach  solution  equivalent  to  the 
volume  of  MPTP  solution  remaining  into  the  vial,  then 
discard  the  vial  as  biohazardous  liquid  waste.  We  previously 
found  that  storing  MPTP  solution  at  -  80°C  retards  its 
oxidation  as  MPTP  solution  appears  stable  up  to  2  months 
(personal  observation).  However,  unless  one  has  a  dedicated 
— 80°C  freezer  for  MPTP  storage,  other  issues  such  as 
laboratory  safety  will  arise  and  that  even  without  mention¬ 
ing  the  negative  impact  of  thawing  and  freezing  of  MPTP 
solution  on  its  neurotoxic  potency. 

Animals  should  be  injected  only  with  sterile  solutions  of 
MPTP  prepared  by  either  filtration  through  a  disposable 
0.22  pm  filter  unit  or  by  dissolving  the  compound  in  sterile 
saline  or  water.  Do  not  autoclave  MPTP  solutions,  as  this 
will  vaporize  the  compound  and  may  lead  to  exposure  from 
inhalation. 

Injection  of  MPTP 

As  mentioned  above,  a  number  of  different  injection 
regimens  have  been  used  to  produce  the  desired  MPTP 
lesions.  These  are  based  on  a  number  of  factors,  including 
experimental  design,  degree  of  desired  lesion,  and  species 
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used.  As  indicated,  mice,  which  typically  require  greater 
amounts  of  MPTP  to  produce  lesions,  can  be  injected  either 
subcutaneously  or  intraperitoneally,  single  or  multiple 
injection,  and  with  a  wide  range  of  concentrations. 
Whatever  the  regimen  used,  it  is  recommended  that  all 
MPTP  injections  to  mice  be  performed  in  a  fume  hood. 
Vials  from  which  MPTP  is  drawn  should  have  a  septum  or 
be  covered  with  parfilm  to  eliminate  potential  aerosols  and 
spills  and  to  avoid  drops  on  the  needle  end.  Change  gloves 
frequently  during  the  course  of  and  at  the  end  of  the 
injection  schedule.  This  will  prevent  any  contamination  of 
the  PPE  and  decrease  the  possibility  of  overt  contamination 
of  equipment. 

On  the  day  of  or  on  the  evening  before  the  experiment,  all 
animals  are  weighed  and  coded.  About  a  half-hour  before 
starting  the  injection  schedule,  sterile  MPTP  solution  should 
be  prepared  to  the  desired  working  concentration.  During 
animal  injection,  care  must  be  taken  to  avoid  self¬ 
inoculation;  special  attention  to  animal  restraint  will 
significantly  reduce  this  risk.  For  injection,  place  the 
mouse  cage  in  the  fume  hood  and  when  injecting,  hold  the 
animal  so  that  any  urine  spray  will  fall  into  the  cage  and  not 
on  the  surrounding  areas,  since  mice,  when  held,  tend  to 
expel  urine  which  can  contain  significant  amounts  of  MPTP 
(Yang  et  al.  1988).  Make  sure  the  mouse  is  not  held  so 
tightly  as  to  cause  backflow  of  the  injected  MPTP  from  the 
peritoneum.  Larger  animals  such  as  squirrel  monkeys  must 
be  placed  in  restrainers  for  injection.  It  is  not  practical  to 
inject  large  animals  in  a  fume  hood.  Inspect  injection  site  for 
leakage  or  spilled  solution  and  wipe  with  a  small  pad 
dampened  with  1%  bleach  solution.  When  discarding 
syringes,  do  not  clip,  recap  or  remove  needles  from  syringes; 
fill  the  syringe  with  1%  bleach  solution  and  then  place  the 
syringe  with  attached  needle  in  a  sharps  container  to  be 
disposed  of  as  biohazardous  waste.  At  the  end  of  the 
injection  schedule,  the  remaining  MPTP  solution  must  be 
destroyed  with  an  equivalent  volume  of  1  %  bleach  solution 
as  described  above. 

Cage  changing 

The  greatest  potential  for  exposure  to  MPTP  and  its 
metabolites  is  from  contaminated  bedding  and  caging 
immediately  following  MPTP  injection  and  during  the 
period  that  MPTP  or  its  metabolites  are  likely  to  be  in  the 
excreta  of  treated  animals.  Therefore,  when  handling  cages 
and  their  contents,  it  is  important  that  the  PPE  be  worn. 

Used  disposable  mouse  cages  containing  contaminated 
bedding  should  be  dampened  with  1%  bleach  solution  and 
then  be  carefully  placed  into  a  plastic  biohazard  bag,  tied 
off,  and  sent  for  incineration.  When  using  re-usable  cages, 
bedding  should  also  be  dampened  with  1%  bleach  solution, 
then  carefully  placed  in  the  biohazard  bag,  packaged  and 
disposed  of  as  biohazardous  waste.  Immediately  after 


emptying  re-usable  cages,  soak  cages  and  accessories  with 
1%  bleach  solution  for  10  min,  rinse,  then  wash  with 
detergent  and  rinse  thoroughly  with  water.  Mouse  cages 
may  then  be  sent  to  central  cage  washing  facilities.  The 
absorbent  material  that  covered  the  rack  surfaces  should  be 
sprayed  with  1%  bleach  solution,  allow  to  soak  for  10  min 
and  then  disposed  of  as  hazardous  waste.  For  large  animal 
cages,  spray  plastic-backed  absorbent  pads  that  line  the  cage 
bottoms  and  drop  pans  with  1%  bleach  solution,  allow  to 
soak  for  10  min,  then  remove  pads  and  place  them  in  the 
biohazardous  waste  container;  replace  used  linings  with 
fresh  pads.  This  needs  to  be  done  on  a  daily  basis.  Wash 
cages  and  accessories  thoroughly  with  1%  bleach  solution, 
rinse,  then  wash  with  detergent  and  rinse  thoroughly  with 
water.  The  procedure  described  above  assumes  that  MPTP- 
injected  animals  remain  in  the  same  cage  for  5  days 
postinjection  and  change  out  should  occur  only  after  the 
5  days  postinjection  period.  In  the  case  of  prolonged  MPTP 
exposure  protocols  (i.e.  weeks  to  months),  while  the 
procedure  room  or  area  will  remain  off-limits  throughout 
the  treatment  period  (plus  the  five  days  postinjection 
period),  for  mice,  change  only  cage  bottoms  once  a  week 
following  the  procedure  described  above  and,  for  monkeys, 
it  is  advisable  to  move  monkeys  to  clean  cages  every  other 
week  and  to  handle  the  dirty  cages  as  described  above. 

Counter  tops  in  the  procedure  room  or  area  should  be 
cleaned  with  1%  bleach  solution.  Floor  coverings  should  be 
carefully  removed  and  disposed  of  as  hazardous  waste. 
Routine  animal  care  can  be  re-instituted  five  days  post  last 
MPTP  injection  and  once  the  procedure  room  or  area  has 
been  cleaned  by  the  responsible  investigator  and/or  staff 
member. 


Animal  tissues 

Potential  risk  of  exposure  to  MPTP  or  MPP+  may  occur 
when  animals  are  killed  for  tissue  collection  up  to  5  days 
following  MPTP  administration.  During  this  period,  mice 
should  be  killed  in  the  fume  hood  and  the  appropriate  PPE 
worn  by  the  researcher  during  blood  and  tissue  harvesting 
procedures.  All  working  surfaces  are  lined  with  plastic- 
backed  absorbent  pads,  which  should  be  changed  if  stained 
with  body  fluids.  Since  decapitation  is  the  primary  method 
of  killing  for  small  animals  in  MPTP  studies,  care  should  be 
taken  to  prevent  blood  spatters,  and  urine  and  feces  should 
be  contained.  Brain  tissues  are  best  dissected  on  an  inverted 
glass  Petri  dish  covered  with  water-dampened  filter  paper 
and  placed  on  regular  ice.  All  instruments,  including  the 
Petri  dish  used  for  dissection,  should  be  soaked  in  1% 
bleach  solution  for  10  min,  rinsed,  then  washed  with 
detergent  and  rinsed  with  water.  Collected  tissues  should 
always  be  handled  with  double  gloves,  and  brain  remnants 
and  the  remaining  carcass,  which  may  contain  MPTP  and 
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Fig.  1  Time-dependent  effect  of  1%  bleach  solution  on  MPTP.  A  5- 
mg/mL  of  MPTP-HC1  solution  in  saline  was  incubated  at  room  tem¬ 
perature  for  different  lengths  of  time  with  1  volume  (v/v)  of  1% 
bleach  (sodium  hypochlorite)  solution  in  water.  After  the  indicated 
time  of  incubation,  an  aliquot  of  the  mixture  was  injected  into  an 
HPLC-UV  system  and  MPTP  levels  were  quantified  as  described 
(Przedborski  etal.  1996). 


metabolites  (Yang  etal  1988),  must  be  discarded  following 
biohazardous  waste  practices  for  animal  waste. 

For  the  perfusion  of  small  animals,  a  grid  overlaying  a 
collection  pan  works  best.  Thus,  blood  and  perfusion 
solution  will  be  collected  in  the  pan  and  can  then  be  poured 
into  a  bottle  or  can  be  discarded  as  biohazardous  waste.  As 
per  proper  biohazardous  waste  disposal,  the  outside  of  the 
waste  container  must  be  wiped  with  1%  bleach  solution. 

For  the  perfusion  of  large  animals,  plastic  tubing  should 
be  attached  to  the  drain  of  the  dissection  table  and  a  liquid 
biohazard  waste  container.  This  will  catch  any  perfusion 
solution  and  prevent  contamination  of  the  water  system.  The 
collected  perfusate  will  be  discarded  as  biohazardous  waste. 
After  the  perfusion  procedure,  the  table  must  be  washed 
with  1%  bleach  solution,  rinsed,  then  washed  with  detergent 
and  rinsed  with  water. 


Decontamination*  cleaning,  and  disposal 

Often,  one  may  see  that  0.1  m  HC1  is  used  for  cleaning  up 
following  MPTP  experiments.  However,  we  have  HPLC 
evidence  showing  that  HC1,  up  to  2  m  and  after  incubation 
for  more  than  1  h  at  room  temperature,  does  not  destroy 
MPTP  at  all.  Conversely,  a  5%  potassium  permanganate 
solution  in  water  completely  destroys  MPTP  almost 
immediately.  However,  since  potassium  permanganate  is 
such  a  powerful  oxidant,  it  can  produce  hazardous 
exothermic  reactions  with  several  compounds  like  deter¬ 
gents  and  must  be  neutralized  with  ascorbic  acid  prior  to 
being  discarded  as  non-toxic  waste.  We  have  also  found  that 
bleach  is  as  efficient  as  potassium  permanganate  in 
destroying  MPTP,  yet  more  friendly  to  use  as  it  does  not 


cause  dangerous  reactions  with  detergents  and  does  not 
require  specific  treatment  prior  to  discarding.  Bleach  is 
commercially  available  as  a  5-10%  stock  solution.  It  can  be 
readily  diluted  to  the  desired  concentration  with  water  and 
kept  at  room  temperature  indefinitely.  Using  a  1%  bleach 
solution  in  water,  which  corresponds  to  twice  the  Environ¬ 
mental  Protection  Agency  (ERA)  recommended  concen¬ 
tration  for  disinfection,  we  found  that  the  action  of  bleach  on 
5  mg/mL  of  MPTP-HC1  in  saline  is  rapid  in  that  after 
5  min,  at  room  temperature,  there  is  no  longer  any 
detectable  MPTP  (Fig.  1).  The  ‘almost’  instantaneous 
destruction  of  MPTP  by  the  bleach  solution,  as  illustrated 
in  Fig.  1,  is  not  a  surprising  finding  since  the  bleach- 
mediated  reaction  corresponds  not  to  an  enzymatic  reaction 
but  to  a  straight  biochemical  oxidation.  In  addition,  we 
found  that  10  min  incubation  of  5  mg/mL  MPTP-HC1  with 
different  concentration  of  bleach  solutions,  ranging  from  0.5 
to  2.5%,  had  similar  effects  on  MPTP.  Therefore,  our 
recommendation  for  MPTP  decontamination  is  10  min  of 
soaking  in  1%  bleach  solution.  In  contrast  to  their  effects  on 
MPTP,  neither  2.5%  bleach  solution  nor  5%  potassium- 
permanganate  destroyed  MPP+,  even  after  an  overnight 
incubation.  This  is  not  surprising,  as  MPP+  is  notoriously 
stable  and  resists  destruction  even  after  exposure  to 
extremely  harsh  chemical  and  physical  treatments.  High 
doses  of  MPP+  administered  systemically  (i.e,  25  mg/kg 
intraperitoneal)  to  mice  produce  oxidative  damage  to  the 
lung,  but  fail  to  affect  the  nervous  system  (Johannessen  et  al 
1985).  This  is  consistent  with  our  observation  that  the 
intraperitoneal  or  subcutaneous  injection  of  different  doses 
of  radiolabeled  and  non-radiolabeled  MPP+  to  mice  failed 
to  show  any  accumulation  of  radioactivity  in  the  striatum  or 
to  produce  any  damage  to  the  dopaminergic  systems  of  the 
brain  (unpublished  observation).  Nevertheless,  the  direct 
injection  of  MPP+  into  the  striatum  does  produce  dopami¬ 
nergic  neurotoxicity  (Giovanni  et  ah  1994b).  These  data 
indicate  that  the  work-related  hazards  of  MPP+  involve 
peripheral  organs  such  as  the  lungs  and  then  only  if  high 
amounts  reach  the  blood  stream  or  the  respiratory  tract. 
Therefore,  MPP+  is  far  less  hazardous  than  its  parent 
compound  and  thus  the  real  safety  goal  is  the  destruction  of 
MPTP. 

Only  investigators  appropriately  trained  in  the  handling  of 
MPTP  should  clean  up  spills.  Prior  to  any  decontamination 
procedure,  determine  the  maximum  quantity  of  MPTP 
involved  in  the  spill  and  the  location  of  the  spill. 

If  the  room  is  properly  maintained  as  stated  above,  linings 
and  underpads  will  catch  any  spills.  In  case  a  liquid  spill 
does  occur,  wearing  the  -  PPE,  the  researcher  should 
immediately  spray  the  linings  and  underpads  with  1% 
bleach  solution,  allow  to  soak  for  10  min,  then  remove,  and 
place  these  in  hazardous  waste  disposal  bags.  In  the  event 
that  pads  and  linings  have  not  caught  all  of  the  spill,  absorb 
MPTP  spill  with  absorbent  plastic-backed  pads  to  prevent 
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MPTP  solution  from  contaminating  gloves  and  discard  as 
hazardous  waste.  The  dry  area  is  then  soaked  with  1% 
bleach  solution,  rinsed  with  water,  then  washed  several 
times  with  detergent,  rinsed  with  water,  and  dried  with  pads. 
Discard  these  materials  in  hazardous  waste  bags  as  well. 
.Recover  work  area  and  inform  the  environmental  health  and 
safety  office  that  an  MPTP  spill  has  occured  and  what 
measures  were  used  to  remove  that  spill. 

To  clean  up  MPTP  powder  spills,  cover  with  a  disposable 
towel  dampened  with  1%  bleach  solution,  then  pick  up  all 
materials  and  put  into  a  hazardous  waste  container.  Then, 
soak  the  area  with  1%  bleach  solution,  rinse  with  water,  then 
wash  several  times  with  detergent,  rinse  with  water,  and  dry 
with  pads.  Discard  these  materials  in  hazardous  waste  bags. 
Recover  area,  then  inform  the  environmental  health  and 
safety  office  that  a  MPTP  powder  spill  has  occured  and  what 
measures  were  taken  to  contain  and  clean  up  the  powder 
spill. 

If  clothes  become  contaminated  with  MPTP,  immediately 
remove  clothing  and  shower.  After  obtaining  fresh  clothing, 
report  directly  to  a  medical  service.  A  very  careful 
evaluation  of  any  potential  MPTP  exposure  is  critical  (see 
medical  emergency  and  surveillance).  Persons  assisting 
exposed  individuals  should  wear  the  PPE  attire. 

Plan  experiments  to  avoid  generating  large  quantities  of 
contaminated  glass  or  metal;  these  materials  are  difficult  to 
incinerate,  and  large  quantities  can  create  waste  disposal 
problems.  Contaminated  glass  and  metal  can  be  decontamin¬ 
ated  using  1  %  bleach  solution  followed  by  detergent  washes 
and  rinses.  Decontaminate  all  equipment  with  wipes 
dampened  with  1%  bleach  solution  before  repair  work  is 
performed,  before  transferring  equipment  to  other  opera¬ 
tions,  and  before  discarding.  Pay  special  attention  to  internal 
parts  of  equipment  that  may  have  become  contaminated. 

Prevention,  medical  emergency  and  surveillance 

To  date,  there  has  been  no  report  in  the  literature  of  the 
inadvertent  exposure  of  a  researcher  to  MPTP  while 
conducting  MPTP  experiments.  A  single  report  of  a  research 
chemist  who  suffered  a  fatal  exposure  to  large  amounts  of 
MPTP  during  its  synthesis  has  been  documented  and 
represents  the  only  inadvertent  human  exposure  to  MPTP 
(Langston  and  Ballard  1983).  However,  despite  the  safe 
track  record  of  MPTP  use,  precautionary  emergency 
procedures  must  be  employed  to  avoid  potential  injury 
from  acute  exposure  to  the  toxin  (such  as  a  needle  prick). 

As  indicated  above,  MAO-B  inhibitors  prevent  the 
conversion  of  MPTP  to  its  toxic  metabolite,  MPP+  thereby 
preventing  neurotoxicity.  For  example,  pretreatment  of 
animals  with  deprenyl,  a  potent  irreversible  MAO-B 
inhibitor  prevents  MPTP-induced  neurotoxicity  (Cohen 
et  al.  1984;  Mytilineou  and  Cohen  1985;  Fuller  et  al. 
1988).  On  the  other  hand,  except  for  a  single  report  (Tatton 


1993),  there  is  no  evidence  that  MAO-B  inhibition  by 
deprenyl  or  by  other  compounds,  following  exposure  to 
MPTP  provides  any  neuroprotection.  However,  in  case  of 
accidental  exposure  to  MPTP,  in  an  attempt  to  block  the 
conversion  of  any  remaining  MPTP  to  MPP+  it  is 
recommended  that  deprenyl  be  administered  immediately. 
As  far  as  we  know,  there  is  no  established  deprenyl  regimen 
for  accidental  exposure  to  MPTP.  Since  the  goal  here  is  to 
prevent  the  conversion  of  MPTP  by  inhibiting  MAO-B,  as 
rapidly  and  profoundly  as  possible,  we  suggest  an  initial 
large  dose  of  deprenyl  (e.g.  four  5  mg  tablets)  be  taken 
orally  at  once.  Although  it  may  be  prudent  to  continue 
deprenyl  medication  (e.g.  5  mg  twice  a  day)  for  some  time, 
it  is  unknown  whether  this  is  justified.  Short-term  surveil¬ 
lance  is  necessary  for  the  appearance  of  hypotension  from 
the  deprenyl  or  the  development  of  acute  parkinsonian 
symptoms  from  the  MPTP  exposure.  In  addition,  following 
the  administration  of  a  large  dose  of  deprenyl,  individuals 
must  be  cautious  in  consuming  tyramine-containing  foods 
(i.e.  cheese)  and  in  taking  medications  containing  pharma¬ 
cologically  active  amines.  Prior  to  beginning  any  MPTP 
investigation,  deprenyl  must  be  available  for  emergency  use 
and  must  be  kept  in  a  closed  container  at  all  times  in  the 
procedure  room  or  area  for  immediate  use,  if  necessary. 
Furthermore,  it  is  advisable  that  individuals  who  are 
planning  to  embark  upon  a  series  of  MPTP  experiments 
consider  a  treatment  of  5  mg  twice  a  day  of  deprenyl  prior  to 
(e.g.  3-5  days  before)  and  during  the  experiments.  This  may 
be  especially  indicated  for  a  person  first  learning  the 
protocol  or  if  there  is  an  increased  risk  of  contact  with 
MPTP.  This  should  be  done  only  after  consulting  one’s 
personal  physician. 

Conclusion 

To  date,  MPTP  remains  the  best  experimental  model  of  PD. 
To  this  end,  it  is  extensively  used  in  various  animal  species 
and  especially  in  mice.  However,  even  as  a  research  tool, 
MPTP  is  an  extremely  hazardous  compound,  which  can  be 
injected,  ingested,  inhaled,  and/or  absorbed.  Because  of  its 
demonstrated  toxicity  to  humans,  the  use  of  MPTP  among 
researchers  is  a  serious  concern.  Over  the  years,  a  better 
understanding  of  the  physicochemical  properties  of  this 
toxin,  its  metabolism,  and  its  body  distribution  has  enabled 
investigators  to  develop  practices  and  procedures  for  the 
safe  use  of  this  compound.  These  include  improved 
procedures  for  preparing  MPTP  solutions  and  for  its 
injection  into  animals,  proper  protective  equipment,  redu¬ 
cing  potential  exposure  from  animal  excreta,  proper 
decontamination  and  disposal  procedures,  and  medical 
treatment  and  surveillance  in  case  of  accidental  exposure. 
Despite  the  fact  that  we  have  tried  to  cover  the  most 
common  situations  and  topics  related  to  MPTP  use,  this 
review  cannot  cover  all  possible  aspects  of  the  safe  use  of 
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this  hazardous  compound.  Accordingly,  there  can  be  no 
substitute  for  common  sense  and  proper  laboratory  practices 
in  the  use  of  dangerous  compounds  such  as  MPTP.  It  is 
hoped,  however,  that  this  review  has  built  upon  the 
guidelines  presented  by  others  in  the  past  and,  in  conjunc¬ 
tion  with  our  recent  knowledge  of  MPTP,  will  lead  to  the 
effective  and  safe  use  of  the  MPTP  animal  model  of  PD, 
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1-MethyI-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP)  damages  do¬ 
paminergic  neurons  in  the  substantia  nigra  pars  compacta  (SNpc) 
as  seen  in  Parkinson's  disease.  Here,  we  show  that  the  pro- 
apoptotic  protein  Bax  is  highly  expressed  in  the  SNpc  and  that  its 
ablation  attenuates  SNpc  developmental  neuronal  apoptosis.  In 
adult  mice,  there  is  an  up-regulation  of  Bax  in  the  SNpc  after  IVIPTP 
administration  and  a  decrease  in  Bd-2.  These  changes  parallel 
MPTP-induced  dopaminergic  neurodegeneration.  We  also  show 
that  mutant  mice  lacking  Bax  are  significantly  more  resistant  to 
MPTP  than  their  wild-type  littermates.  This  study  demonstrates 
that  Bax  plays  a  critical  role  in  the  MPTP  neurotoxic  process  and 
suggests  that  targeting  Bax  may  provide  protective  benefit  in  the 
treatment  of  Parkinson's  disease, 

Parkinson's  disease  (PD)  is  a  common  neurodegenerative 
disorder  whose  cardinal  clinical  features  include  tremor, 
slowness  of  movement,  stiffness,  and  postural  instability  (1). 
These  disabling  symptoms  are  primarily  due  to  a  profound  deficit 
in  striatal  dopamine  content  that  results  from  the  degeneration 
of  dopaminergic  neurons  in  the  substantia  nigra  pars  compacta 
(SNpc)  and  the  consequent  loss  of  their  projecting  nerve  fibers 
in  the  striatum  (2,  3),  Although  several  approved  drugs  do 
alleviate  PD  symptoms,  their  chronic  use  often  is  associated  with 
debilitating  side  effects  (4),  and  none  seem  to  dampen  the 
progression  of  the  disease.  Moreover,  the  development  of  ef¬ 
fective  neuroprotective  therapies  is  impeded  by  our  limited 
knowledge  of  the  mechanism  by  which  SNpc  dopaminergic 
neurons  die  in  PD,  Thus  far,  however,  significant  insights  into  the 
pathogenesis  of  PD  have  been  achieved  by  the  use  of  the 
neurotoxin  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP),  which  replicates  in  humans  and  nonhuman  primates  a 
severe  and  irreversible  PD-like  syndrome  (5),  In  several  mam¬ 
malian  species,  MPTP  reproduces  most  of  the  biochemical  and 
pathological  hallmarks  of  PD,  including  the  dramatic  degener¬ 
ation  of  dopaminergic  neurons  (5). 

Mounting  evidence  indicates  that  highly  regulated  cell  death- 
associated  molecular  pathways  could  participate  in  the  relentless 
demise  of  neurons  in  degenerative  diseases  (6,  7),  including  PD 
(8).  In  keeping  with  this,  Bax  (9)  has  emerged  as  a  pro-cell  death 
driving  force  within  the  central  decision  point  constituted  by  the 
Bcl-2  family  that  modulates  the  activation  of  downstream  effec¬ 
tors  of  cell  death  such  as  caspases  (7),  It  is  also  clear  that  Bax  is 
required  for  the  death  of  several  types  of  neurons  in  the 
peripheral  and  central  nervous  systems  during  both  normal 
development  and  pathological  situations  (10-18),  In  light  of  its 
critical  role  within  the  programmed  cell  death  machinery  and  its 
importance  in  neuronal  death,  Bax  appears  as  a  particularly 
appealing  target  for  therapeutic  interventions  aimed  at  hamper¬ 
ing  neurodegeneration.  Consistent  with  a  potential  pivotal  role 
for  Bax  in  SNpc  neuronal  death,  here  we  show  that  Bax  is  highly 


expressed  in  the  SNpc  and  that  its  ablation  attenuates  SNpc 
developmental  neuronal  apoptosis.  We  demonstrate  that  there 
is  a  dramatic  up-regulation  of  Bax  mRNA  and  protein  in  the 
SNpc  of  adult  mice  after  MPTP  administration.  These  changes 
parallel  the  time  course  of  MPTP-induced  dopaminergic  neu¬ 
rodegeneration.  We  also  show  that  mutant  mice  lacking  Bax  are 
resistant  to  MPTP  compared  with  their  wild-type  littermates, 
thus  indicating  that  Bax  is  a  key  factor  in  MPTP-induced  SNpc 
dopaminergic  neurodegeneration. 

Materials  and  Methods 

Animals  and  Treatment.  C57/bl  mice  heterozygous  for  Bax  were 
mated  to  yield  Fi  offspring  with  Bax“;“,  Bax+/~}  and  wild-type 
genotypes.  Tail  DNA  was  prepared  and  screened  for  both  the 
normal  and  the  mutant  allele  by  using  a  single  PCR,  The  normal 
allele  was  amplified  by  using  an  exon  5  forward  primer  (0.64  pM; 
5 ?  -T G ATCAGA ACCAT CATG-3 f )  and  an  intron  5  reverse 
primer  (0.64  pM:  5 f -GTTGACCAGAGTGGCGTAGG-3 '), 
which  together  generated  a  304-bp  product.  The  mutant  allele 
was  amplified  with  a  neo/pgk  primer  (0.16  pM;  5'-CCGCTTC- 
CATTGCTCAGCGG-3?)  and  the  same  intron  5  reverse  primer, 
which  together  generated  a  507-bp  product.  Cycling  parameters 
were  1  min  at  94°C,  55°C,  and  72°C  each  for  a  total  of  30-35 
cycles.  The  primer  ratio  was  adjusted  to  allow  amplification  of 
both  products  simultaneously  with  preferential  amplification  of 
the  wild-type  allele  to  assure  correct  genotyping  of  the  Bax- 
deficient  animals.  All  mice  used  in  this  study  were  treated 
according  to  National  Institutes  of  Health  guidelines  for  Care 
and  Use  of  Laboratory  Animals  and  with  the  approval  of 
Columbia  University's  Institutional  Animal  Care  and  Use  Com¬ 
mittee,  Eight-week-old  male  mice  received  one  i.p.  injection  of 
MPTP-HC1  per  day  (30  mg/kg  per  day  of  free  base;  Research 
Biochemicals,  Natick,  MA)  for  5  consecutive  days  and  were 
killed  at  0,  2, 4, 7,  21,  and  42  days  after  the  last  injection;  control 
mice  received  saline  injections  only.  Both  saline  and  MPTP 
animals  then  were  divided  into  two  groups.  The  first  group  was 
perfused  and  brains  were  used  for  immunohistochemistry, 
whereas  the  second  group  of  mice  were  killed,  and  brains  were 
quickly  removed,  dissected  (midbrain,  striatum,  cerebellum,  and 
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cortex),  snap-frozen  on  dry  ice,  and  stored  at  -80°C  for  Western 
blot,  immunoprecipitation,  and  reverse  transcriptase-PCR  anal¬ 
ysis.  MPTP  use  and  safety  precautions  were  as  described  (19). 

Immunohistochemistry  and  Double  Immunofluorescence.  Immuno- 
histochemistry  was  performed  as  described  by  Vila  et  al  (20) 
with  a  polyclonal  antibody  to  Bax  (1:500;  polyclonal;  PharMin- 
gen).  Immunostained  sections  then  were  counterstained  with 
thionin.  To  examine  the  colocalization  of  Bax  with  tyrosine 
hydroxylase  (TH),  a  double  immunofluorescence  technique  was 
performed  by  using  the  same  polyclonal  anti-Bax  antibody  (1:200 
dilution)  and  a  monoclonal  antibody  to  TH  (1:200  dilution; 
Boheringer  Mannheim).  Sections  were  examined  on  green,  red, 
and  double  (green  +  red)  filters  by  using  confocal  microscopy. 

Striatal  Lesions  with  Quinolinic  Acid  (QA).  After  Metofane  inhala¬ 
tion,  mouse  pups  aged  postnatal  day  seven  of  either  sex  received 
an  intrastriatal  injection  of  0.5  /xl  of  a  480  nmol  solution  of  QA 
dissolved  in  PBS  at  pH  7.4  as  described  (21).  One  day  after  the 
QA  injection,  animals  were  perfused  and  brains  were  processed 
for  morphological  analysis. 

Immunoblots  and  Immunoprecipitation.  For  Western  blot  analysis, 
total  tissue  proteins  were  isolated  in  50  mM  Tris-HCl,  pH 
7.0/150  mM  NaCl/5  mM  EDTA/1%  SDS/1%  Nonidet  P-40/ 
protease  inhibitors  (Mini  mixture;  Roche  Diagnostics,  Indianap¬ 
olis,  IN).  Incubation  with  primary  antibody  was  performed 
overnight  at  4°C  with  monoclonal  antibodies  to  Bax  (1:1,500 
dilution;  Santa  Cruz  Biotechnology)  or  Bcl-2  (1:500  dilution, 
Transduction  Laboratories,  Lexington,  KY)  and,  as  an  internal 
control,  a  monoclonal  antibody  to  /3-actin  (1:5,000,  Sigma).  Films 
were  quantified  by  using  the  National  Institutes  of  Health  image 
analysis  system.  For  immunoprecipitation,  frozen  samples  from 
saline-injected  mice  and  MPTP-intoxicated  animals  (at  day  4 
after  the  last  MPTP  injection)  were  homogenized  in  10  vol 
(wt/vol)  of  10  mM  Hepes  (pH  7.20)  containing  0.25%  Nonidet 
P-40, 142.5  mM  KC1,  5  mM  MgCl2, 1  mM  EGTA,  and  one  tablet 
of  protease  inhibitor  mixture.  Then,  250  fig  of  protein  was 
incubated  (overnight,  4°C)  with  3  /utg  of  a  polyclonal  antibody  to 
Bcl-2  (N-19,  Santa  Cruz  Biotechnology)  and  further  processed 
for  immunoprecipitation  and  immunoblotting  as  described  by 
Ara  et  al  (22).  Here,  blots  were  immunostained  with  either  a 
monoclonal  antibody  to  Bax  (1:1,500  dilution;  Santa  Cruz  Bio¬ 
technology)  or  a  monoclonal  antibody  to  Bcl-2  (1:1,000  dilution; 
Transduction  Laboratories). 

RNA  Extraction  and  Reverse  Transcriptase-PCR.  Total  RNA  was 
extracted  from  midbrain,  striatal,  and  cerebellar  samples  from 
saline  and  chronic  MPTP-treated  animals  and  used  for  reverse 
transcriptase-PCR  analysis  as  described  by  Vila  et  al  (20).  The 
Bax  primer  sequences  were  5'-CTGAGCTGACCTTG- 
GAGC-3'  (forward)  and  5'-GACTCCAGCCACAAAGATG-3' 
(reverse).  As  an  internal  control,  /3-actin  cDNA  was  coamplified 
by  using  primer  sequences  5'-CTTTGATGTCACGCAC- 
GATTTC-3'  (forward)  and  5'-GG GCCGCTCTA  GGCAC- 
CAA-3'  (reverse).  Each  PCR  cycle  consisted  of  denaturation  at 
94°C  for  5  min,  annealing  at  55°C  for  1  min,  and  extension  at  72°C 
for  1.5  min,  followed  by  a  final  10-min  extension  at  72°C.  PCR 
amplification  was  carried  out  for  30  cycles  for  Bax  and  22  cycles 
for  /3-actin  by  using  a  Perkin-Elmer  GeneAmp  9700  Thermal 
Cycler. 

Stereology  and  Quantification  of  Apoptotic  Neurons.  The  total 
number  of  TH-positive  SNpc  neurons  was  counted  in  the 
different  groups  of  animals  at  21  days  after  the  last  MPTP  or 
saline  injection  by  using  the  optical  fractionator  method  as 
described  by  Liberatore  et  al  (23).  This  unbiased  method  of  cell 
counting  is  not  affected  by  either  the  volume  of  reference  (SNpc) 


or  the  size  of  the  counted  elements  (neurons).  Immunostaining 
was  performed  with  a  polyclonal  antibody  to  TH  (1:1,000; 
Calbiochem),  and  sections  were  counterstained  with  thionin. 
Quantification  of  the  number  of  apoptotic  neurons  in  the  SNpc 
of  MPTP-  and  saline-injected  mice  was  assessed  as  described 
(21).  Morphological  criteria  to  identify  apoptotic  figures  in¬ 
cluded  shrinkage  of  cellular  body,  chromatin  condensation,  and 
the  presence  of  distinct,  round,  well-defined  chromatin  clumps, 
demonstrated  by  thionin  staining  (21). 

Measurement  of  Striatal  Dopamine,  3,4-Dihydroxyphenylacetic  Acid, 
and  Homovanillic  Acid  Levels.  HPLC  with  electrochemical  detec¬ 
tion  was  used  to  measure  striatal  levels  of  dopamine,  3,4- 
dihydroxyphenylacetic  acid,  and  homovanillic  acid  by  using  a 
method  that  has  been  described  by  Przedborski  et  al  (24),  with 
minor  modifications  of  the  mobile  phase.  At  21  days  after  the  last 
MPTP  injection,  animals  were  killed  and  striata  were  dissected 
out  and  processed  for  HPLC  measurement.  The  modified  mobile 
phase  consisted  of  0.15  M  monochloroacetic  acid,  pH  3.0,  200 
mg/liter  sodium  octyl  sulfate,  0.1  mM  EDTA,  4%  acetonitrile, 
and  2.5%  tetrahydrofuran. 

Measurement  of  Striatal  MPP+  Levels.  HPLC  with  UV  detection 
(wavelength,  295  nm)  was  used  to  measure  striatal  MPP+  levels 
as  described  by  Przedborski  et  al  (24).  Groups  of  Bax+/”, 
Bax-/~,  and  wild-type  littermates  were  killed  at  90  and  180  min 
after  one  i.p.  injection  of  30  mg/kg  MPTP,  and  the  striata  were 
dissected  and  processed  for  HPLC. 

Statistical  Analysis.  All  values  are  expressed  as  the  mean  ±  SEM 
with  time,  treatment,  or  genotype  as  the  independent  factors. 
When  ANOVA  showed  significant  differences,  pair-wise  com¬ 
parisons  between  means  were  tested  by  Newman-Keuls  post  hoc 
testing.  In  all  analysis,  the  null  hypothesis  was  rejected  at  the  0.05 
level. 

Results 

High  Expression  of  Bax  in  SNpc  Dopaminergic  Neurons.  Relevant  to 
the  potential  role  of  Bax  in  PD  neurodegeneration,  we  found  that 
virtually  all  neurons  of  the  SNpc  exhibit  conspicuous  levels  of 
Bax  protein,  as  evidenced  by  immunohistochemistry  (Fig.  la). 
SNpc  neurons  are  primarily  dopaminergic  and  secondarily 
GABAergic  (25).  Thus,  to  confirm  that  dopaminergic  neurons 
do  contain  Bax  protein,  we  performed  double  immunohisto¬ 
chemistry  for  TH,  the  rate-limiting  enzyme  in  dopamine  syn¬ 
thesis,  and  Bax.  Examination  by  confocal  microscopy  demon¬ 
strated  that  all  TH-positive  neurons  expressed  Bax  (Fig.  1  b  and 
c)  and,  as  expected  given  the  ubiquitous  expression  of  Bax  in  the 
brain,  that  Bax  was  expressed  by  both  TH-positive  and  TH- 
negative  neurons.  Most  Bax-positive  SNpc  dopaminergic  neu¬ 
rons  showed  a  prominent  punctate  immunoreactivity  superim¬ 
posed  onto  a  diffuse  cytoplasmic  immunostaining  (Fig.  Id), 
which  is  consistent  with  the  known  subcellular  distribution  of 
Bax  in  both  mitochondria  and  cytosol  (9,  26). 

Bax  Modulates  Developmental  Cell  Death  in  the  SNpc.  During  de¬ 
velopment,  neurons  in  the  SNpc  undergo  an  intense  naturally 
occurring  cell  death  process  (21,  27).  Dying  neurons  exhibit  the 
morphological  characteristics  of  apoptosis  and  their  numbers  are 
modulated  by  the  size  of  striatum  (21,  27),  the  brain  structure  in 
which  SNpc  neuron  projections  form  synapses.  Indeed,  24  h  after 
unilateral  destruction  of  the  striatum  with  a  local  injection  of  the 
excitotoxin  QA  at  postnatal  day  seven,  wild-type  pups  showed 
four  times  more  apoptotic  neurons  in  the  SNpc  ipsilateral  to  the 
lesion  compared  with  the  contralateral  side  (Fig.  2).  Age- 
matched  mutant  pups  heterozygous  (Bax+/~)  or  homozygous 
(Bax-/“)  for  the  Bax  null  mutation  showed  a  gene  dosage- 
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Fig,  1,  Bax  expression  in  SNpc  dopaminergic  neurons  of  adult  mice,  (a)  Bax  is  highly  expressed  in  SNpc  neurons,  as  assessed  by  immunohistochemistry;  sections 
are  counterstained  with  thionin,  ( af )  High  magnification  of  Bax-immunostained  neurons  in  the  SNpc.  (b  and  c)  Double  immunofluorescence  with  antibodies  to 
Bax  and  TH  confirms  that  Bax  (in  green)  is  expressed  in  dopaminergic  neurons  (in  red),  (d)  Confocal  microscopy  analysis  of  Bax-positive  dopaminergic  neurons 
(Bax  +  TH  immunostaining)  shows  a  robust  punctate  i mm u noreactivity  superimposed  onto  a  diffuse  cytoplasmic  immunostaining,  [Scale  bars:  200  pm  (a),  1 0  pm 
(a'  and  d ),  and  30  pm  ( b  and  c).] 


Control* We  GA*le*ioned  tide 


Fig.  2.  Bax  regulates  natural  and  QA-induced  developmental  neuronal 
death  in  the  SNpc,  (a)  Schematic  representation  of  the  model  of  induced 
apoptotic  cell  death  in  the  SNpc  by  unilateral  destruction  of  the  striatum  (i.e., 
the  target)  at  postnatal  day  seven  with  a  local  injection  of  QA,  (b)  24  h  after 
the  lesion,  wild-type  mice  (n  =  5)  exhibit  a  substantial  number  of  dying 
neurons  with  a  definite  morphology  of  apoptosis  in  the  contralateral  SNpc 
and  a  dramatic  increase  in  this  number  in  the  SNpc  ipsilateral  to  the  QA  lesion. 
Age-matched  mutant  mice  deficient  for  Bax  (Bax+/_  and  Bax'7',  n  -  4  per 
group)  exhibit  a  striking  lower  number  of  SNpc  apoptotic  neurons  after  QA 
administration,  a,  P  <  0.05,  compared  with  wild-type  control-side;  bfP<  0,05, 
compared  with  Bax+/_  control-side;  c,  P  <  0,05,  compared  with  wild-type  and 
Bax+/_  QA-lesioned  sides  but  not  significant  when  compared  with  Bax'7' 
control  side;  Newman-Keuls  post  hoc  analysis. 


dependent  reduction  of  SNpc  apoptotic  neurons  after  QA 
administration  (Fig.  2). 

MPTP  Stimulates  Sax  Expression  in  Ventral  Midbrain.  In  saline' 
injected  mice,  there  was  a  high  constitutive  expression  of  Bax 
protein  in  the  ventral  midbrain  (Fig.  3a).  After  systemic  MPTP 
administration,  there  was  a  dramatic  up-regulation  of  Bax 
protein  in  this  brain  region  (Fig.  3a),  in  agreement  with  a 
previous  study  (28),  This  change  occurred  in  a  time-dependent 
manner,  with  protein  levels  peaking  at  4  days  after  the  last 
MPTP  injection  (+668%),  then  progressively  returning  to  con¬ 
trol  levels  (Fig.  3a).  This  alteration  was  not  only  time-dependent 
but  was  also  region-specific  as  MPTP-intoxicated  mice  showed 
no  Bax  up-regulation,  at  any  of  the  time  points  studied,  in 
striatum  or  in  cerebellum,  two  brain  regions  devoid  of  neuronal 
loss  after  MPTP  administration. 

MPTP  Increases  Bax  mRNA  Levels  in  Ventral  Midbrain.  Given  the 
change  in  Bax  protein  after  MPTP  injections,  we  also  investi¬ 
gated  whether  this  change  was  associated  with  Bax  transcrip¬ 
tional  alterations.  In  saline-injected  mice,  there  was  a  constitu¬ 
tive  level  of  Bax  transcript  in  the  ventral  midbrain  (Fig.  3b).  In 
MPTP-injected  mice,  there  was  a  time-dependent  increase  in  the 
level  of  Bax  transcript,  which  peaked  at  2  days  after  the  last 
MPTP  injection  (+364%),  then  progressively  returned  to  the 
level  of  controls  by  day  7  (Fig,  3b).  Bax  mRNA  up-regulation  was 
also  region-specific  as  it  was  not  detected  in  the  striatum  nor  in 
the  cerebellum  of  MPTP-intoxicated  animals. 

Time  Course  of  MPTP-Indueed  Apoptotic  Neuronal  Death.  Quanti¬ 
fication  of  apoptotic  cells  in  the  SNpc  of  MPTP-  and  saline- 
injected  mice  indicates  that  apoptotic  neuronal  death  culminated 
between  days  2  and  4  after  the  last  MPTP  injection  (Fig.  3). 
Morphological  criteria  used  to  identify  apoptotic  cells  were 
previously  validated  (21)  and  included  shrinkage  of  cellular 
body,  chromatin  condensation,  and  presence  of  distinct,  round, 
well-defined  chromatin  clumps,  demonstrated  by  thionin 
staining. 
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Fig.  3.  Bax  expression  in  the  ventral  midbrain  after  MPTP  intoxication,  (a)  Bax  protein  levels  in  the  ventral  midbrain  (n  =  3  mice  per  group)  were  assessed  by 
Western  blot  analysis.  (6)  Bax  mRNA  expression  in  the  ventral  midbrain  was  quantified  by  reverse  transcriptase-PCR  ( n  -  3-5  mice  per  group),  (c)  Bax  protein 
and  mRNA  up-regulation  coincide  with  the  time  course  of  apoptotic-induced  cell  death  in  the  SNpc.  Morphological  criteria  to  identify  apoptotic  figures,  as 
illustrated  in  photomicrographs,  included  shrinkage  of  cellular  body,  chromatin  condensation,  and  the  presence  of  distinct,  round,  well-defined  chromatin 
clumps,  demonstrated  by  thionin  staining.  (Scale  bar,  5  pm.)  (cO  Bd-2  protein  expression  (Upper)  and  immunoprecipitation  (Lower)  after  MPTP  intoxication.  Bcl-2 
protein  levels  are  decreased  in  the  ventral  midbrain  of  MPTP-intoxicated  mice  at  days  2  and  4  after  the  last  MPTP  injection  (n  =  3-5  mice  per  group).  At  day  4 
after  the  last  injection,  ventral  midbrain  proteins  (n  =  4  mice  per  group)  were  subjected  to  immunoprecipitation  with  a  polyclonal  antibody  to  Bd-2.  The  amount 
of  Bax  coimmunoprecipitated  with  Bcl-2  appeared  less  abundant  in  the  pellets  of  MPTP-intoxicated  mice  than  in  those  of  saline-injected  animals.  This  was 
associated  with  increased  Bax  immunoreactivity  in  the  supernatant.  S,  saline;  TP,  total  proteins.  *,  P  <  0.05,  compared  with  saline-injected  animals;  Newman-Keuls 
post  hoc  analysis.  Error  bars  indicate  SEM, 


MPTP  Decreases  Bax:Bcl-2  Heterodimerization  in  the  Ventral  Midbrain. 

Several  members  of  the  Bcl-2  family,  such  as  Bcl-2,  can  bind  to 
Bax  to  form  Bax:Bcl-2  heterodimers,  hence  antagonizing  Bax 
pro-cell  death  properties  (9).  Accordingly,  we  determined  the 
levels  of  Bcl-2  protein  as  well  as  its  capacity  to  heterodimerize 
with  Bax  protein  in  ventral  midbrain  of  MPTP-intoxicated  mice, 
at  the  peak  of  MPTP-induced  apoptotic  neuronal  death.  In 
striking  contrast  with  Bax  up-regulation,  Bcl-2  protein  levels,  as 
assessed  by  Western  blot,  were  dramatically  decreased  in  ventral 
midbrain  of  MPTP-intoxicated  mice  compared  with  saline- 
injected  animals,  2  and  4  days  after  the  last  injection  (Fig.  3d). 
Furthermore,  the  amount  of  Bax  that  coimmunoprecipitated 
with  Bcl-2  at  this  time  point,  using  an  anti-BcI-2  antibody,  was 
much  less  in  MPTP-intoxicated  mice  than  in  saline-injected 
animals  (Fig.  3d).  Consistent  with  this  finding,  the  amount  of  Bax 
that  escaped  coimmunoprecipitation  using  an  anti-Bcl-2  anti¬ 
body  was  much  greater  in  MPTP-intoxicated  mice  than  in 
saline-injected  animals  (Fig.  3d).  The  ratio  of  these  proteins 
indicates  that  most  of  the  Bax  protein  could  be  inactivated  by 
Bcl-2  in  saline-injected  mice  whereas  there  is  an  excess  of 
unopposed  Bax  in  MPTP-injected  mice. 

Bax-Deficient  Mice  Are  Resistant  to  MPTP  Intoxication.  To  confirm 
the  involvement  of  Bax  in  MPTP-induced  neuronal  death,  we 
compared  the  effects  of  MPTP  in  Bax+!~  and  Bax~f~  mice  and 
in  their  wild-type  littermates.  In  saline-injected  mice,  no  signif¬ 
icant  changes  in  stereological  counts  of  SNpc  dopaminergic 
neurons,  defined  byTH  immunostaining,  were  detected  between 


the  different  groups  of  mice  (Fig.  44).  In  wild-type  mice,  MPTP 
caused  a  dramatic  loss  of  SNpc  TH-positive  neurons,  which  was 
accompanied  by  a  large  number  of  apoptotic  neurons  (Fig.  4  A 
and  B).  MPTP  can  down-regulate  phenotypic  markers  such  as 
TH  (29),  thus  it  is  important  to  indicate  that  the  TH/Nissl  ratio 
of  neuronal  counts  did  not  differ  between  saline-  and  MPTP- 
injected  wild-type  mice  (saline  =  1.78  ±  0.05  vs.  MPTP  =  1.77  ± 
0.03;  n  -  3  per  group;  Student’s  t  test),  confirming  that  the 
reduction  in  TH-positive  neurons  corresponds  to  an  actual  loss 
of  neurons.  In  contrast  to  the  situation  in  wild-type  animals, 
MPTP  failed  to  affect  SNpc  TH-positive  neuronal  counts  in 
Bax~!~  and  caused  only  a  mild  reduction  of  these  numbers  in 
Bax+/~  mice  (Fig.  44).  Similarly,  the  number  of  MPTP-induced 
SNpc  apoptotic  neurons  was  significantly  smaller  in  Bax~f~  and, 
to  a  lesser  extent,  in  Bax+/~  than  in  wild-type  animals  (Fig.  4 B). 
Although  less  striking  than  the  loss  of  the  SNpc  cell  body  counts, 
the  loss  in  striatal  dopaminergic  nerve  terminals  after  MPTP 
administration,  as  assessed  by  measuring  the  levels  of  dopamine 
and  its  two  main  metabolites  3,4-dihydroxyphenylacetic  acid 
and  homovanillic  acid,  was  also  markedly  attenuated  in  Bax~f~ 
and  Bax+I~  mice,  compared  with  their  wild-type  littermates 
(Table  1). 

MPP+  Production  in  Bax-Deficient  Mice.  The  main  determining 
factor  of  MPTP  neurotoxic  potency  is  its  conversion  in  the  brain 
to  l-methyl-4-phenylpyridinium  ion  (MPP+)  (30).  To  confirm 
that  the  resistance  of  Bax~f~  mice  is  due  to  the  absence  of  the 
Bax  gene  and  not  to  an  alteration  in  the  brain’s  production  of 
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Fig,  4,  Bax-deficient  mice  are  resistant  to  MPTP  neurotoxic  effect.  (4) 
Stereoiogrcai  counts  of  TH-positive  neurons  in  the  SNpc  were  performed  in 
Bax-deficient  mice  and  their  wild-type  littermates  at  day  21  after  the  last 
injection  (n  =  3-5  mice  per  group).  In  wild-type  mice,  only  53%  of  the  SNpc 
TH-positive  neurons  survived  MPTP  administration.  In  contrast,  81%  of  SNpc 
TH-positive  neurons  survived  in  BaxH~  mice  and  no  loss  of  TH-positive  cells  was 
found  in  animals  under  an  identical  MPTP  regimen.  *,  P  <  0.05, 

compared  with  saline-injected  wild-type  animals;  Newman-Keuls  post  hoc 
analysis.  (B)  At  the  peak  of  apoptotic  cell  death  {day  4  after  the  last  MPTP 
injection),  Bax~f~  mice  (n  ~  3)  presented  85%  reduction  in  the  number  of 
apoptotic  profiles  in  the  SNpc  compared  with  MPTP-intoxicated  control  ani¬ 
mals  (n  =  4),  In  Bax+/_  animals  (n  =  4),  these  numbers  were  reduced  by  37%. 
*,  P  <  0,05  compared  with  MPTP-intoxicated  control  animals;  **,  P  <  0.05 
compared  with  MPTP-intoxicated  control  animals  and  MPTP-intoxicated 
Bax+l~  mice;  Newman-Keuls  post  hoc  analysis).  Error  bars  indicate  SEM.  (t) 
Photomicrographs  of  TH-immunostained  sections  with  thionin  counterstain, 
illustrating  the  results  in  A.  (Scale  bar,  400  p- m ,) 


MPP+,  we  measured  striatal  content  of  MPP+  at  different  time 
points  after  MPTP  administration.  At  no  time  point  does  the 
striatal  content  of  MPP+  differ  significantly  among  Bax+l~, 
Bax~f~,  and  wild-type  littermate  mice  (Table  2), 


Table  1.  Striatal  monoamine  levels  {ng/mg  tissue) 


Mice 

Dopamine 

DOPAC 

HVA 

Saline 

Wild  type 

12.2  ±  0.2 

2,1  ±  0,2 

1.8  ±0,1 

Sax+/~ 

13.3  ±0,3 

2,0  ±  0,1 

1.7  ±0.1 

Bax-/~ 

13.4  ±  0,4 

2,4  ±  0,1 

1.6  ±  0,2 

MPTP 

Wild  type 

0,5  ±  0,1 

0,3  ±  0.05 

0.2  ±  0.01 

8ax+/- 

3,1  ±  0.3* 

0,6  ±  0.06 

0.6  ±  0.04* 

4,1  ±  0,2** 

1.3  ±  0.2** 

1.0  ±0.1** 

DOPAC,  3,4-dihydroxyphenylacetic  acid;  HVA,  homovanillic  add,  *,  P  < 
0.05,  compared  to  MPTP-injected  wild-type  mice;  **,  P  <  0,05,  compared  to 
MPTP-injected  wild-type  and  MPTP-injected  Bax+>'~  mice;  Newman-Keuls  post 
hoc  test.  Data  represent  means  ±  SEM  for  4-6  mice  per  group. 


Table  2,  Striatal  MPP*  levels  (jig/g  striatum)  in  Bax-deficient 
and  wild-type  mice 

Mice  90  min  180  min 


Wild  type  8.5  ±1.0  5.7  ±  0.9 

Bax+f~  7,6  ±1.9  5,1  ±  0.3 

Sax-/-  10,0  ±1.0  5.4  ±0,8 

HPLC  measurements  of  striatal  MPP^  levels  in  wild-type  and  Bax-deficient 
mice  were  determined  at  90  and  180  min  after  a  single  i.p.  MPTP  injection  (30 
mg/kg),  n  —  4  animals  per  group.  Values  represent  the  mean  ±  SEM, 


Discussion 

Bax  is  widely  expressed  in  the  central  nervous  system,  w7here  it 
is  detected  primarily  in  neurons  (9,  31).  Herein,  we  show  that 
almost  all  neurons  of  the  SNpc,  especially  all  dopaminergic 
neurons,  contain  abundant  amounts  of  Bax  protein  (Fig.  1), 
likely  located  both  at  mitochondria  and  in  cytosol  (9).  We  also 
demonstrate  that  Bax  controls  the  apoptotic  demise  of  SNpc 
dopaminergic  neurons  during  development,  because  its  ablation 
attenuates  SNpc  developmental  cell  death  in  immature  animals 
(Fig.  2).  These  findings  confirm  a  key  role  for  Bax  in  the  fate  of 
SNpc  neurons,  thus  setting  the  stage  for  Bax  being  a  potential 
culprit  in  the  degeneration  of  SNpc  dopaminergic  neurons  in  PD, 

To  test  the  contribution  of  Bax  in  PD  neurodegeneration,  we 
used  the  experimental  model  produced  by  the  parkinsonian 
neurotoxin  MPTP  (5).  Because  the  mode  of  cell  death  in  PD  may 
be,  at  least  in  part,  apoptotic  (8),  we  selected  a  MPTP  regimen 
that  kills  SNpc  dopaminergic  neurons  by  apoptosis  (32).  This 
regimen  induces  a  time-dependent  apoptotic  cell  death  in  the 
SNpc  that  is  maximal  between  2  and  4  days  after  the  last  dose 
of  MPTP  (Fig.  3c).  Relevant  to  the  known  pro-apoptotie  role  of 
Bax,  we  found  that  the  time  course  of  SNpc  apoptotic  neuronal 
death  coincides  with  that  of  increased  levels  of  Bax  mRNA  and 
protein  in  ventral  midbrain  after  MPTP  administration  (Fig.  3 
a  and  b).  The  opposite  image  was  found  for  Bel-2  in  that  at  2  and 
4  days  post-MPTP  ventral  midbrain  Bcl-2  protein  levels  were 
markedly  reduced.  These  findings  suggest  that,  during  the 
MPTP-induced  neurodegenerative  process,  the  finely  tuned 
balance  between  cell  death  agonists,  such  as  Bax,  and  cell  death 
antagonists,  such  as  Bcl-2,  is  upset  in  the  ventral  midbrain, 
leading  to  a  situation  in  which  molecular  pro-apoptotic  forces 
dominate  (33).  In  this  context,  an  aspect  related  to  Bax  function 
is  its  capacity  to  form  heterodimers  with  Bcl-2  and  homomul- 
timers  with  itself  (34).  In  saline-injected  mice,  the  amount  of  Bax 
can  theoretically  be  neutralized  by  Bcl-2  as  evidenced  by  the 
majority  of  Bax  in  heterodimers.  Whereas,  in  MPTP-injected 
mice  excess  Bax  exists  free  of  neutralizing  interaction  with  Bcl-2 
(Fig.  Id).  Taken  together,  our  data  suggest  that,  after  MPTP 
administration,  a  cascade  of  deleterious  events  is  set  in  motion 
within  which  Bax  up-regulation  and  Bel-2  down-regulation  are 
key  factors.  Consistent  with  this  scenario,  the  observed  neuro- 
protective  effects  provided  by  Bcl-2  overexpression  against 
MPTP  (35,  36)  may  reflect  its  capacity  to  counter  Bax. 

Consistent  with  the  involvement  of  Bax  in  the  MPTP  neuro¬ 
toxic  process  is  our  demonstration  that  no  significant  loss  of 
SNpc  dopaminergic  neurons  was  observed  in  Bax~~H  mice  and 
that  approximately  81%  of  SNpc  dopaminergic  neurons  survived 
in  Bax+f~  mice  compared  with  their  wild-type  littermates  after 
MPTP  administration  (Fig.  4).  Similarly,  there  were  significantly 
fewer  apoptotic  neurons  in  the  SNpc  of  BaxH~  and  Bax~!~  after 
MPTP  administration  compared  with  wild-type  controls  (Fig,  4), 
The  resistance  of  the  SNpc  dopaminergic  neurons  in  Bax  knock¬ 
out  mice  was  accompanied  by  a  significant,  although  less  prom¬ 
inent,  sparing  of  striatal  dopamine  contents  (Table  1).  The  latter 
suggests  that  Bax  ablation  protects  against  SNpc  neuronal  death, 
but  still  allows  some  changes  in  gene  expression  and/or  alter- 
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ations  in  dopamine  synthesis.  Relevant  to  this,  is  our  previous 
demonstration  that  TH,  the  rate-limiting  enzyme  in  dopamine 
synthesis,  is  inactivated  by  tyrosine  nitration  after  MPTP  ad¬ 
ministration  (22). 

We  also  found  that  ablation  of  Bax  was  not  associated  with 
alterations  in  the  formation  of  MPTP  active  metabolite,  MPP+ 
(Table  2),  which  is  the  most  significant  modulating  factor  of 
MPTP  potency  (30). 

In  light  of  the  results  reported  above,  including  the  resistance 
of  Bax-deficient  mice  to  the  neurotoxic  effects  of  MPTP,  we 
argue  that  Bax  is  a  critical  effector  molecule  in  MPTP-mediated 
cell  death.  Given  the  mode  of  action  of  MPTP  and  Bax,  it  is 
possible  that  the  mitochondrion  is  key  to  the  observed  neuro¬ 
protection.  Models  of  Bax  activation  indicate  its  oligomerization 
may  result  in  a  homomultimeric  pore  (37),  a  VDAC-containing 
pore  (38),  or  a  permeabilization  of  mitochondrial  outer  mem¬ 
brane  (39)  to  release  cytochrome  c.  Several  lines  of  evidence 
indicate  that  translocation  of  mitochondrial  cytochrome  c  to  the 
cytosol  is  a  critical  event  in  the  mitochondrial-dependent  acti¬ 
vation  of  effector  caspases  such  as  caspase-3  and  ensuing  cell 
death  (40).  Providing  credence  to  this  proposed  sequence  of 
events  in  PD  is  the  observation  that  caspase-3  is  indeed  activated 
in  postmortem  SNpc  samples  from  parkisonian  patients  (41). 
Once  inside  dopaminergic  neurons,  MPP+  is  actively  concen¬ 
trated  within  mitochondria,  where  it  inhibits  complex  I  of  the 
electron  transport  chain  (5).  This  inhibition  leads  to  a  deficit  in 
ATP  formation  and  to  an  increase  in  reactive  oxygen  species 
production  (5),  which,  in  turn,  cause  an  energy  crisis  and 
oxidative  stress.  As  with  other  situations,  mitochondrial  dysfunc¬ 
tion  seen  after  MPTP  administration  ultimately  can  trigger  large 
amplitude  swelling  often  attributed  to  the  opening  of  the  per- 
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meability  transition  pore  complex  (PTPC).  Alternatively,  the 
opening  of  the  PTPC  can  lead  to  several  dramatic  consequences, 
including  a  dissipation  of  the  mitochondrial  transmembrane 
potential  and  a  release  to  the  cytosol  of  proteins  normally 
confined  to  the  mitochondria,  such  as  cytochrome  c  (42). 

Collectively,  our  results  indicate  that  Bax  plays  a  pivotal  role 
in  SNpc  dopaminergic  neuronal  death  in  the  MPTP  mouse 
model  likely  by  acting  in  injured  neurons  before  the  onset  of 
irreversible  cell  death  events.  Whether  blocking  events  down¬ 
stream  of  Bax  also  can  protect  these  cells  remains  to  be  deter¬ 
mined.  Ablation  of  the  cell  executioner,  caspase-3,  dramatically 
decreases  neuronal  death  during  development  (43).  However, 
whether  inhibition  of  caspases  downstream  of  mitochondria  will 
prove  sufficient  to  interfere  with  adult-onset  pathological  stimuli 
or  merely  shift  the  mode  of  death  of  severely  injured  neurons 
remains  uncertain.  Because  of  the  striking  similarities  between 
the  MPTP  model  and  PD,  the  present  study  raises  the  possibility 
that  Bax  plays  a  critical  role  in  the  neurodegenerative  process  of 
PD  and  thus  that  targeting  Bax  could  open  new  neuroprotective 
avenues  for  this  disabling  neurological  disease. 
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ROS  and  Parkinson's  Disease: 

A  View  to  a  Kill 

Serge  Przedborski  and  Vernice  R,  Jackson-Lewis 

Columbia  University  School  of  Medicine, 'New  York ,  New  York 


I.  INTRODUCTION 

Under  normal  and  pathological  conditions,  cellular  metabolism  generates  sub¬ 
stantial  amounts  of  free  radicals,  i.e.,  atoms  and  molecules  with  one  or  more 
unpaired  electrons  (1).  By  virtue  of  this  electron  imbalance,  free  radicals  are 
unstable  and  prone  to  snatch  electrons  from  neighboring  atoms  and  molecules, 
whereby  they  inflict  oxidative  damage.  The  classical  view  is  that  free  radical- 
induced  oxidative  damage  of  biological  compounds  such  as  DNA,  proteins,  and 
lipids  may  cause  serious  cellular  derangement  and  ultimately  even  cell  death.  Of 
note,  not  all  atoms  or  molecules  that  can  cause  oxidative  damage  are  free  radicals 
because  they  do  not  have  unpaired  electrons  (e.g.,  singlet  oxygen,  hydrogen  per¬ 
oxide).  Therefore,  those  species  that  either  have  or  do  not  have  unpaired  elec¬ 
trons  and  are  all  mainly  oxygen-centered  we  refer  to  as  reactive  oxygen  species 
(ROS). 

For  the  past  decade,  the  oxidative  stress  hypothesis  has  gained  in  popularity 
to  explain  cell  death  in  neurological  diseases  as  diverse  as  stroke,  dementia, 
amyotrophic  lateral  sclerosis,  and  Parkinson's  disease  (PD).  The  latter  disorder 
is  viewed  by  some  as  the  model  “par  excellence”  of  oxidative  stress  in  chronic 
neurological  conditions  for  several  reasons  that  will  be  reviewed  and  discussed 
below.  However,  while  compelling  evidence  exists  to  implicate  ROS  in  the  patho¬ 
genesis  of  acute  neurological  conditions,  such  as  strokes,  the  jury  is  still  out  as 
to  whether  the  role  of  ROS  in  chronic  neurodegenerative  disorders  such  as  PD 
is  myth  or  reality.  In  addition,  even  if  one  believes  the  latter,  one  is  left  with  the 
dilemma  as  to  whether  the  oxidative  damage  observed  in  PD  brains  (detailed 
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below)  is  the  cause  or  the  consequence  of  the  neurodegenerative  process,  or  is 
the  result  of  the  chronic  use  of  anti-PD  treatments  such  as  levodopa.  These  vari¬ 
ous  issues  will  be  discussed  in  light  of  earlier  landmark  studies,  as  well  as  of 
more  recent  findings  obtained  in  humans,  in  animals,  and  in  cell  culture. 


II.  PARKINSON'S  DISEASE 

Parkinson’s  disease  affects  about  1%  of  the  population  over  50  years  of  age  in 
the  United  States  alone;  about  50,000  new  cases  are  diagnosed  each  year  (2). 
This  common  neurodegenerative  disorder,  which  is  mainly  sporadic,  is  a  slow, 
progressive  disease  characterized  mainly  by  resting  tremor,  slowness  of  move¬ 
ment  (bradykinesia),  stiffness  (rigidity),  and  poor  balance  (postural  instability) 
(2).  Most  if  not  all  of  these  symptoms  are  attributed  to  the  severe  loss  of  dopamine 
(DA)-containing  neurons  in  the  substantia  nigra  pars  compacta  (SNpc)  and  the 
concomitant  loss  of  DA  nerve  terminals  in  the  caudate  putamen,  which  is  the 
main  projection  area  for  the  SNpc  neurons  (3).  To  a  lesser  extent,  neuronal  loss 
is  found  in  the  locus  coeruleus  and  in  the  dorsal  motor  nucleus  of  vagus  (3). 
Another  morphological  hallmark  of  PD  is  the  eosinophilic  intraneuronal  inclusion 
called  the  Lewy  body  (4),  which  is  regarded  as  either  a  tombstone  for  the  cell 
or  a  key  player  in  the  neurodegenerative  process.  PD  patients  can  avoid  medica¬ 
tion  for  a  while,  but  at  some  point  the  motor  disability  becomes  so  severe  that 
treatment  aimed  at  either  replenishing  DA  stores  in  the  brain  (e.g.,  levodopa)  or 
stimulating  DA  receptors  (e.g.,  DA  agonists),  or  both,  is  required  to  alleviate 
symptoms.  Unfortunately,  the  chronic  administration  of  levodopa  often  causes 
motor  and  psychiatric  side  effects  that  may  be  as  debilitating  as  the  disease  itself 
(5).  Furthermore,  there  is  no  supportive  evidence  that  levodopa  therapy  impedes 
the  progressive  death  of  SNpc  DA  neurons;  on  the  contrary,  there  are  speculations 
that  levodopa  may  contribute  to  the  progressive  nature  of  the  disease.  Although 
the  actual  cause  and  mechanism  of  neurodegeneration  in  PD  remains  uncertain, 
it  has  been  hypothesized  that  the  finely  tuned  balance  between  the  production 
and  the  destruction  of  ROS  is  upset  by  either  increased  ROS  formation,  decreased 
ROS  detoxification,  or  both,  leading  to  SNpc  DA  neuronal  death.  Over  the  years, 
a  huge  number  of  factors  have  been  proposed  for  mediating  the  speculated  ROS 
attack  on  SNpc  DA  neurons.  It  is  our  opinion,  however,  that  only  a  handful  of 
these  are  credible  and  warrant  in-depth  discussion  (Table  1). 


III.  IS  DOPAMINE  THE  CULPRIT? 

For  a  long  time,  DA  was  thought  of  as  a  “Jekyll  and  Hyde”  agent.  On  the  one 
hand,  DA  is  the  necessary  chemical  of  catecholamine  neurotransmission;  hence 
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Table  1  Presumed  Contributing  Factors  in  Oxidative 

Stress  in  PD 

Factors  that  can  stimulate  ROS  formation 
Dopamine  metabolism 
Autooxidation  (nonenzymatic) 

Oxidative  deamination  (enzymatic;  MAO) 
Neuromelanin 
Increased  iron  content 

Impaired  mitochondrial  electron  transport  chain 
activity 

Factors  that  can  reduce  ROS  detoxification 
Decrease  in  activity  of  ROS  scavenging  enzymes 
Low  glutathione  peroxidase 
Low  catalase 

Decrease  in  ROS-scavenging  small  molecules 
Low  reduced  glutathione 
Low  ubiquinone 


it  plays  a  critical  role  in  proper  motor  control  and  other  essential  neurological 
functions.  On  the  other  hand,  as  it  can  engage  in  ROS-producing  biological  reac¬ 
tions,  DA  can  be  cytotoxic  (6),  Thus,  it  may  well  be  that  DA  neurons  are  the 
initiators  of  their  own  demise. 


A.  How  Does  Dopamine  Stimulate  ROS  Formation? 

To  date,  two  mechanisms  have  been  postulated  to  underlie  DA  stimulation  of 
ROS  (Fig,  1),  First  of  all,  because  of  its  catechol  moiety,  DA  is  prone  to  autooxi¬ 
dation  in  aqueous  medium  and  at  physiological  pH,  DA  and  other  catecholamines 
undergo  a  nonenzymatic  degradation  to  ROS  as  well  as  to  semiquinone  and  qui- 
none-  intermediates  (Fig.  2)  (7).  Although  the  autooxidation  of  DA  occurs  readily 
in  vitro  (and  likely  in  vivo),  its  actual  cytotoxic  role  in  PD  remains  unclear.  Most 
arguments  supporting  the  deleterious  effects  of  DA  autooxidation  derive  not  from 
experiments  using  DA  itself  but  from  experiments  using  its  precursor  levodopa 
and  the  neurotoxin  6-hydroxydopamine — a  compound  suggested  as  an  endoge¬ 
nous  toxin  although  to  date  it  has  never  been  recovered  from  PD  brains.  Second, 
DA  is  oxidatively  deaminated  in  the  SNpc  and  In  the  striatum  by  the  enzyme- 
monoamine  oxidase  (MAO)  which  is  located  in  the  outer  mitochondrial  mem¬ 
brane  (Fig.  2)  (8).  This  reaction  results  in  a  two-electron  reduction  of  oxygen 
and  the  production  not  only  of  hydrogen  peroxide  but  of  superoxide  and  hydroxyl 
radicals  (7),  Of  note,  while  there  is  some  controversy  as  to  whether  hydrogen 
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Autooxldatlon 

Dopamine  +  02  +  H20  1  ■>  Dopamlnequlnone  + 


Dopamine  +  02  +  H20 


Monoamine  oxidase 

^  3,4-Dlhydroxyphenyl 
acetaldehyde  +  NH3  + 


B  Normal 

Dopamine  (Z=£>  Metabolites  +  ROS 


Dopamine 


PD  &  no-levodopa 

I  Metabolites  +  ROS 


PD  &  levodopa 


Dopamine 


Metabolites  +  ROS 


Figure  1  Dopamine  metabolism  and  ROS  production.  (A)  The  nonenzymatic  and  the 
enzymatic  metabolic  routes  by  which  dopamine  produces  ROS.  (B)  ROS  formation  is 
increased  in  PD  due  to  the  augmented  dopamine  turnover  in  spared  dopamine  neurons  in 
the  absence  or  presence  of  levodopa. 


Figure  2  Ferrous  ion  (Fe2+)  can  combine  with  oxygen  to  produce  superoxide  radical 
(02~)  which,  in  the  presence  of  hydrogen  (H+),  can  produce  hydrogen  peroxide  (H202). 
Both  can  react  in  the  presence  of  Fe2+/ferric  (Fe3+)  redox  couple  to  produce  the  hydroxyl 
radical  (‘OH);  this  reaction  is  called  the  iron-catalyzed  Haber-Weiss  reaction.  Hydroxyl 
radical  can  also  be  produced  by  the  reaction  of  H202  with  Fe2+;  this  reaction  is  called  the 
Fenton  reaction.  Note  the  cyclic  nature  of  the  iron  involvement  in  ROS  production. 
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peroxide  and  superoxide  radicals  can  exert  direct  cytotoxic  effects,  there  is  no 
doubt  that  the  hydroxyl  radical  is  a  tissue-damaging  reactive  species  (1). 


B.  Dopamine  and  Neurodegeneration 

In  light  of  the  above,  it  has  been  proposed  that  both  the  nonenzymatic  and  enzy¬ 
matic  metabolism  of  DA  produce  an  ROS  burden  on  the  cell  which,  if  not  prop¬ 
erly  detoxified,  may  become  a  key  factor  in  the  degeneration  of  DA  neurons  in 
PD  (6).  Relevant  to  this  view  is  the  demonstration  that  the  remaining  DA  neurons 
in  PD  brains  are  hyperactive  and  exhibit  increased  DA  turnover  (3,9),  which 
presumably  increases  ROS  formation  (Fig.  IB).  When  levodopa  is  given,  these 
remaining  DA  neurons  are  flooded  with  DA,  which  increases  ROS  formation 
even  further  (Fig.  IB).  This  has  led  to  the  contention  that  levodopa  therapy  and 
the  consequent  formation  of  “excess”  DA  may  promote  the  progression  of  PD 
by  increasing  the  cellular  load  of  ROS.  In  cell  culture,  it  has  been  clearly  demon¬ 
strated  that  levodopa  produces  a  ROS-related,  dose-dependent  cytotoxicity  (10- 
12).  Also,  chronic  administration  of  levodopa  enhances  DA  neuron  degeneration 
in  animals  with  partial  lesions  of  the  nigrostriatal  DA  system  (13),  but  not  in 
animals  with  intact  brain  DA  systems  (14).  This  observation  suggests  that  levo¬ 
dopa  contributes  to  the  further  degeneration  of  an  already  damaged  DA  pathway, 
likely  via  a  ROS-related  mechanism.  Furthermore,  exposure  of  brain  mitochon¬ 
dria  to  DA  causes  a  significant  ROS-mediated  inhibition  of  complex  I  activity 
of  the  electron  transport  chain  (15)  associated  with  a  sharp  increase  in  the  mito¬ 
chondrial  consumption  of  the  antioxidant  glutathione  (16,17).  These  findings  are 
consistent  with  the  view  that  the  metabolism  of  DA  by  MAO,  a  mitochondrial 
enzyme,  can  alter  mitochondrial  function,  which  in  turn  may  enhance  ROS- 
mediated  injury  to  the  cell. 


IV.  NEUROMELANIN 

Neuromelanin  is  a  black  pigment  found  in  certain  monoaminergic  neuron  subpop¬ 
ulations  of  some  animal  species,  including  primates  (18).  This  insoluble  pigment 
results  from  the  autooxidation,  condensation,  and  polymerization  of  DA  and  its 
oxidation  products  (8).  Although  some  neuromelanin  accumulates  in  DA  cell 
bodies  during  the  normal  aging  process,  those  SNpc  DA  neurons  that  contain  the 
greatest  amounts  of  neuromelanin  die  preferentially  in  PD  compared  to  those 
with  less  neuromelanin  (19).  Further,  mammalian  species  that  have  neuromela¬ 
nin,  such  as  monkeys,  are  more  sensitive  to  the  deleterious  effects  of  the  neuro- 
toxin  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP)  than  those  who  do 
not  have  neuromelanin,  such  as  mice.  All  together,  these  observations  suggest 
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that  neuromelanin  may  not  be  just  a  benign  pigment  but  rather  another  component 
of  the  SNpc  neuron  which,  like  DA,  can  turn  against  its  own  cell. 

How  is  it  that  neuromelanin  can  contribute  to  the  death  of  SNpc  neurons? 
There  are  at  least  three  possible  mechanisms.  First,  neuromelanin  exhibits  an 
impressive  capacity  to  bind  anything  that  is  not  standing  still,  including  the  active 
metabolite  of  MPTP,  4-phenylpyridinium  ion  (MPP+)  (20),  and  iron  (21),  making 
neuromelanin  a  potential  toxic  reservoir  within  the  neuron.  For  instance,  by  bind¬ 
ing  iron,  neuromelanin  “neutralizes”  iron,  preventing  its  participation  in  ROS 
production.  However,  if  neuromelanin  releases  iron  in  response  to  cellular  events 
(e.g.,  oxidative  attack  on  neuromelanin  or  increased  reduced  glutathione  levels; 
L.  Zecca,  personal  communication),  neuromelanin  can  become  an  accomplice  in 
iron-catalyzed  ROS  production  (Fig.  2)  (22).  Second,  neuromelanin  also  contains 
redox  partners  involving  quinone,  hydroquinone,  and  semiquinone  intermediates 
(22).  These  redox  partners,  under  biological  conditions,  can  be  responsible  for 
catalyzing  the  formation  of  ROS  such  as  superoxide  radicals  and  hydrogen  perox¬ 
ide  (22).  Third,  several  breakdown  products  of  neuromelanin  are  easily  oxidized 
and  can  exert  cytotoxic  effects  (23).  In  light  of  these  facts,  it  is  highly  plausible 
that  neuromelanin  may  indeed  behave  as  a  ferocious  prooxidant  in  pathological 
situations  such  as  in  PD. 


V.  METALS  AND  OXIDATIVE  STRESS 

Formation  of  highly  reactive  tissue-damaging  ROS  is  catalyzed  by  transition  met¬ 
als  such  as  iron  (Fig.  2).  In  the  absence  of  these  metals,  it  is  likely  that  cells  will 
produce  only  poorly  reactive  oxygen  species  with  little  potential  to  cause  oxida¬ 
tive  damage.  Because  distribution  of  transition  metals  in  organs  like  the  brain 
exhibit  striking  regional  differences,  it  follows  that  those  brain  regions  with  the 
highest  iron  content  ought  to  be  at  the  greatest  risk  for  aggressive  oxidative  attack. 
It  is  thus  tempting  to  implicate  iron  in  SNpc  DA  neuron  degeneration  not  only 
because  this  region  of  the  brain  contains  a  high  amount  of  iron  in  the  normal 
situation  but  also  because  iron  content  is  even  higher  in  PD  brains  (24-27).  In 
support  of  this  supposition  is  a  recent  study  showing  that  increased  iron  in  PD 
occurs  solely  in  the  melanized  neurons  of  the  SNpc  (28).  This  result  suggests 
that  iron  metabolism  is  specifically  altered  in  SNpc  DA  neurons  in  PD,  leading 
to  an  abnormal  accumulation  of  iron  in  these  neurons.  This  is  plausible  because 
lactoferrin  receptors,  which  facilitate  iron  entry  into  cells,  are  increased  most 
significantly  in  the  remaining  melanized  neurons  in  the  most  damaged  area  of 
the  SNpc  in  PD  brains  (29).  However,  despite  the  fact  that  intracellular  iron 
content  is  increased  in  PD  brains,  one  should  remember  that  iron  is  bound  to 
ferritin  as  well  as  to  neuromelanin,  thus  forming  a  nonreactive  complex.  The 
status  of  ferritin  in  PD  is  controversial  in  that  ferritin  levels  have  been  reported  to 
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be  increased  (30)  and  decreased  (27)  in  PD  brains.  Therefore,  whether  increased 
intracellular  iron  corresponds,  at  least  in  part,  to  an  increase  in  free  iron,  which 
in  turn  can  catalyze  oxidative  reactions,  remains  uncertain. 


VI.  ALTERATIONS  IN  THE  MITOCHONDRIAL  ELECTRON 
TRANSPORT  CHAIN 

Mitochondria  control  oxidation-reduction  reactions  in  the  cell,  generate  energy 
in  the  form  of  ATP,  and  are  the  main  cellular  source  of  ROS  through  the  respira¬ 
tory  chain/oxidative  phosphorylation  system  (1,31).  It  is  believed  that  mitochon¬ 
drial  function  is  impaired  in  postmortem  PD  midbrains  due  to  a  deficit  in  complex 
I  activity  (32,33).  Consequently,  neurons  with  lower  mitochondrial  electron  trans¬ 
port  chain  activity  may  be  subjected  to  both  oxidative  stress  and  energy  failure 
(31).  Because  this  deficit  occurs  in  end-stage  PD,  a  legitimate  question  is  whether 
the  decrease  in  complex  I  activity  is  the  cause  or  the  consequence  of  the  neurode- 
generative  process.  To  date,  there  is  no  definite  answer  to  this  important  issue. 
However,  studies  in  animals  treated  with  MPTP  suggest  that  decreases  in  com¬ 
plex  I  activity  belong  on  the  list  of  causes  rather  than  consequences,  as  inhibition 
of  complex  I  by  MPP+  (which  increases  ROS  formation  and  decreases  ATP  pro¬ 
duction)  precedes  cell  death  (34).  Since  most  PD  patients  receive  some  chronic 
anti-PD  treatment,  it  is  worth  mentioning  that  high  amounts  of  levodopa  and  DA 
can  affect  brain  mitochondrial  complex  I  activity  by  a  ROS-mediated  mechanism 
(15,17,35),  These  observations  suggest  that  SNpc  DA  neurons  may  be  subjected 
to  a  higher  magnitude  of  chronic  oxidative  stress  originating  from  the  defective 
mitochondria  and,  again,  could  be  exacerbated  by  chronic  levodopa  therapy 
(Fig.  1). 


VII.  ANTIOXIDANT  DEFENSE  SYSTEMS  IN  THE  BRAIN 

In  the  above  sections,  we  have  reviewed  several  cellular  factors  about  SNpc  DA 
neurons  that  can  underlie  the  production  of  ROS  and  which,  by  virtue  of  patholog¬ 
ical  changes,  can  participate  directly  or  indirectly  in  subjecting  SNpc  DA  neurons 
to  oxidative  stress.  Defense  mechanisms  exist  that  limit  the  levels  and  the  role 
of  ROS  in  inflicting  damage  on  cellular  components  (1),  as  illustrated  in  Fig.  3. 
Therefore,  while  it  is  unquestionable  that  a  number  of  factors  may  contribute  to 
increasing  ROS  production  in  SNpc  DA  neurons,  their  role  must  be  placed  in  the 
context  of  the  natural  antioxidant  protective  arsenal.  This  suggests  that  oxidative 
damage  can  only  be  incriminated  in  PD  pathogenesis  if  the  rate  of  ROS  produc¬ 
tion  exceeds  that  of  ROS  scavenging.  Thus,  regardless  of  the  magnitude  of  ROS 
production  in  PD,  one  may  wonder  whether  there  is  any  evidence  supporting  the 
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Glutathione  peroxidase 
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Figure  3  Illustration  of  ROS-scavenging  enzymes. 


concomitant  weakening  of  ROS  protective  mechanisms.  The  main  ROS  scaven¬ 
gers  are  superoxide  dismutase  (SOD),  catalase,  and  glutathione  peroxidase  (Fig. 
3),  as  well  as  several  small  molecules  with  strong  antioxidant  properties,  such 
as  glutathione,  vitamin  C,  vitamin  E,  and  ubiquinone. 


A.  ROS-Scavenging  Enzymes 

Among  the  ROS-scavenging  enzymes  in  PD,  SOD  has  received  the  lion’s  share 
of  investigation.  One  finding  that  makes  SOD,  and  more  particularly  the  cytosolic 
form  of  this  enzyme,  i.e.,  copper/zinc-SOD  (SOD1),  appealing  in  relation  to  PD 
is  the  fact  that  extremely  high  amounts  of  SOD1  are  present  in  SNpc  DA  neurons 
(36,37).  However,  analyses  of  SOD  levels  in  PD  brains  show  no  changes  in  SOD1 
activity  in  either  striatum  or  SNpc,  whereas  that  of  mitochondrial  manganese- 
SOD  (SOD2)  is  significantly  increased  in  both  regions  (38,39).  As  opposed  to 
SOD1,  which  is  expressed  constitutively,  SOD2  is  highly  inducible  in  response 
to  an  excess  of  ROS  (1).  Thus,  because  it  is  likely  that  increased  SOD2  activity  is 
protective  rather  than  deleterious,  the  observed  increases  in  SOD2  in  PD  strongly 
suggest  that  the  mitochondrial  compartment  in  PD  is  subjected  to  an  oxidative 
stress  which,  in  turn,  stimulates  the  expression  of  SOD2.  Consistent  with  the 
neuroprotective  effects  of  increased  SOD  activity  are  the  observations  that  a 
three-  to  fourfold  increase  in  SOD1  activity  promotes  DA  neuronal  survival  and 
nerve  fiber  sprouting  in  vitro  (37)  and  stimulates  embryonic  midbrain  graft  devel¬ 
opment  in  transplanted  PD  rat  models  (40).  In  addition,  transgenic  mice  that 
overexpress  SOD1  are  more  resistant  to  MPTP,  which  stimulates  the  production 
of  ROS  (41).  Collectively,  these  findings  support  the  idea  that  increased  SOD 
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activity  in  PD  is  more  likely  to  be  the  reflection  of  a  neuroprotective  response 
than  part  of  a  destructive  phenomenon. 

In  contrast  to  SOD,  both  catalase  and  glutathione  peroxidase  activities  are 
reduced  in  PD  brains  (42,43),  It  is  surprising,  however,  that  glutathione  peroxi¬ 
dase  in  PD  brains  is  found  essentially  in  SNpc  glial  cells  and  not  in  SNpc  neurons 
(44),  This  suggests  that  a  deficit  in  the  ROS  scavenging  system  in  glial  cells,  by 
impairing  glial/neuronal  cooperation,  may  trigger  neuronal  injury,  a  possibility 
that  would  challenge  our  common  “neuronal  centrist”  view  of  neurodegenera¬ 
tion.  It  is  also  important  to  note  that  the  reported  changes  in  catalase  and  glutathi¬ 
one  peroxidase  activities  in  PD  brains  are  of  small  magnitude,  implying  that 
they  would  be  insufficient  in  causing  damage  in  the  absence  of  a  concomitant 
overproduction  of  ROS. 

B.  ROS-Scavenging  Small  Molecules 

It  is  commonly  recommended  that  PD  patients  take  dietary  supplements  such  as 
vitamins  E  and  C  for  neuroprotective  purposes.  Although  this  recommendation 
is  harmless,  its  usefulness  in  PD  is  quite  equivocal,  as  high  intakes  of  both  vita¬ 
mins  do  not  appear  either  to  lower  the  risk  of  developing  PD  or  to  slow  down 
its  progression  (45-48).  Furthermore,  there  is  also  no  indication  that  levels  of 
vitamin  E  are  abnormal  in  PD  brains  (49).  In  contrast,  both  ubiquinone  (50)  and 
glutathione  (51)  levels  appear  abnormally  low  in  PD,  which  may  be  of  pathologi¬ 
cal  significance,  since  both  compounds  play  an  important  antioxidant  role  in  the 
brain  and  are  present  in  high  amounts  within  mitochondria.  Of  interest  are  the 
observations  that  ubiquinone  supplements  are  well  tolerated  and  seem  to  increase 
complex  I  activity  in  PD  patients  (52),  as  well  as  to  attenuate  MPTP  toxicity  in 
mice  (53).  No  information  seems  to  be  available  regarding  the  use  and  potential 
benefit  of  glutathione  or  its  precursor,  N- acetylcysteine,  in  PD. 


VIII.  ROS-1NDUCED  NEURONAL  DAMAGE 

IN  THE  SUBSTANTIA  NIGRA  PARS  COMPACTA 

There  is  little  doubt  that  neurons  (or  any  other  cell  types  for  that  matter)  would 
die  if  subjected  to  the  postulated  harsh  oxidative  insults  likely  to  be  encountered 
in  certain  acute  neurological  disorders  such  as  ischemia  and  stroke.  In  PD,  how¬ 
ever,  there  is  no  evidence  that  SNpc  DA  neurons  face  such  a  severe  insult.  On 
the  other  hand,  because  PD  is  a  chronic  disorder,  a  much  milder  oxidative  stress 
may  cause  a  buildup  of  ROS-mediated  damage  over  several  years,  leading  to 
progressive  cellular  dysfunction  which  ultimately  commits  the  neuron  to  die. 
Furthermore,  it  is  not  even  clear  if  SNpc  DA  neurons  can  actually  die  fol¬ 
lowing  oxidative  stress.  This  problem  can  be  addressed  in  experimental  models 
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of  PD,  in  which  the  moment  of  the  injury  is  known  and  the  neurodegenerative 
process  can  be  followed  from  beginning  to  end  (54,55).  The  two  most  popular 
and  extensively  validated  models  of  PD  are  those  produced  by  the  neurotoxins 
6-hydroxydopamine  and  MPTP.  Both  compounds  stimulate  ROS  production,  al¬ 
beit  by  quite  different  and  distinct  mechanisms. 

6-Hydroxydopamine  is  believed  to  kill  cells  (more  specifically,  catechol- 
aminergic  neurons)  by  the  production  of  hydrogen  peroxide,  superoxide,  and  hy¬ 
droxyl  radicals  following  its  autooxidation  (56,57).  The  specificity  of  action  de¬ 
pends  on  its  uptake  and  accumulation  into  catecholaminergic  neurons  and 
terminals  (58-60).  Since  6-hydroxydopamine  does  not  cross  the  blood-brain  bar¬ 
rier,  its  systemic  administration  only  affects  the  catecholaminergic  structures  of 
the  peripheral  nervous  system.  On  the  other  hand,  when  6-hydroxydopamine  is 
injected  locally  into  the  striatum,  the  median  forebrain  bundle,  or  the  SNpc,  it 
selectively  destroys  the  nigrostriatal  DA  pathway  (58-60).  Because  of  this,  6- 
hydroxydopamine  is  often  used  to  produce  a  rat  model  of  PD.  Strengthening  the 
role  of  ROS  in  the  6-hydroxydopamine-induced  neurotoxicity  is  the  fact  that 
various  antioxidants  attenuate  its  deleterious  effects  (61,62). 

As  opposed  to  6-hydroxydopamine,  MPTP  does  cross  the  blood-brain  bar¬ 
rier,  and  systemic  administration  damages  DA  neurons  and  reproduces  most  of 
the  clinical  and  pathological  hallmarks  of  PD  (63).  Its  metabolism  is  a  complex 
multistep  process  that  can  stimulate  ROS  production  by  both  mitochondrial  (64- 
66)  and  cytosolic  (67,68)  mechanisms.  In  addition,  MPTP’s  mode  of  action  in¬ 
volves  not  only  ROS  such  as  superoxide  anion  and  hydroxyl  radicals  (64,69,70), 
but  also  nitric  oxide  (71).  Here  again,  strategies  that  either  increase  the  protection 
against  ROS  or  hamper  the  production  of  ROS  attenuate  MPTP-induced  toxicity 
(41,70,71).  Thus,  both  models  provide  compelling  evidence  that  oxidative  stress 
unequivocally  kills  SNpc  DA  neurons.  The  specificity  of  the  lesions  caused  by 
both  6-hydroxydopamine  and  MPTP,  however,  result  from  the  specific  uptake 
of  these  neurotoxins  into  the  DA  neurons  and  do  not  speak  to  the  specific  suscepti¬ 
bility  of  DA  neurons  to  oxidative  stress  over  any  other  subpopulation  of  neurons. 

Other  informative  models  have  been  used  over  the  years  to  test  whether 
the  different  factors  presented  in  Table  1  can  actually  ignite  ROS  attack  on  SNpc 
DA  neurons.  For  instance,  it  was  shown  that  stereotaxic  injection  of  synthetic 
neuromelanin  into  rodent  brains  did  not  cause  cell  death  by  itself  but  potentiated 
MPTP-induced  neurotoxicity  (72).  One  caveat  with  this  study  is  that  the  injected 
synthetic  neuromelanin  most  likely  remained  in  the  extracellular  space  and  did 
not  enter  the  neurons.  Thus,  based  on  this  work,  we  cannot  exclude  neuromelanin 
as  a  neurotoxic  compound.  More  importantly,  the  stereotaxic  injection  of  MPP+ 
and  rotenone,  two  mitochondrial  poisons,  produced  severe  nigrostriatal  damage 
(73),  illustrating  the  importance  of  mitochondrial  impairment  in  the  death  of 
SNpc  DA  neurons.  As  critical  as  ROS-scavenging  enzymes  appear  to  be  in  the 
detoxification  of  ROS,  it  appears  that  ablation  of  extracellular  and  cytosolic  SOD 
or  glutathione  peroxidase  in  knockout  mice  had  negligible  effects  on  the  develop- 
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ment  and  survival  of  SNpc  DA  neurons  (74-76).  On  the  other  hand,  increased 
activity  of  ROS  scavenging  enzymes,  and  particularly  of  cytosolic  SOD,  pro¬ 
moted  the  development  and  survival  of  SNpc  DA  neurons  and  rendered  SNpc 
DA  neurons  more  resistant  to  oxidative  stress  (37,41). 


IX.  TARGETS  OF  ROS 

There  is  no  doubt  that  by  combining  the  various  potentially  deleterious  factors 
described  above  one  can  produce  an  explosive  scenario  that  could  convince  even 
the  most  die-hard  skeptics  that  SNpc  DA  neurons  are,  or  can  be,  the  sites  of 
oxidative  attack.  However,  one  has  to  keep  in  mind  that  all  of  these  findings, 
appealing  as  they  may  be,  are  strictly  circumstantial.  Indeed,  SNpc  DA  neurons 
do  die,  and  clear  abnormalities  in  both  the  production  of  ROS  and  in  the  detoxifi¬ 
cation  of  ROS  are  observed  in  SNpc,  but  whether  the  former  is  due  to  the  latter 
has  yet  to  be  unequivocally  demonstrated.  While  the  experimental  models 
strongly  support  this  contention,  none  of  the  postmortem  studies  have  been  able 
to  settle  the  issue. 

ROS  can  attack  virtually  all  cellular  components,  including  nucleic  acids, 
proteins,  and  lipids  (1).  Some  of  the  ROS-mediated  alterations  in  cellular  compo¬ 
nents  are  stable  modifications  and  can  readily  be  quantified.  Therefore,  the  dem¬ 
onstration  that  cellular  elements  critical  to  cellular  function,  survival,  or  both  are 
damaged  by  ROS  may  provide  invaluable  support  for  the  role  of  oxidative  stress 
in  the  pathogenesis  of  PD.  It  should  also  be  pointed  out  that  while  ROS  can 
theoretically  affect  all  cellular  elements,  in  reality,  it  is  frequently  specific  ele¬ 
ments  that  are  preferentially  damaged.  Consequently,  it  is  the  general  consensus 
that  an  accurate  demonstration  of  the  existence  and  the  severity  of  ROS-mediated 
damage  can  only  be  achieved  by  examining  more  than  a  single  marker  of  ROS- 
mediated  damage,  and  probably  by  using  more  than  one  technique. 

The  brain  is  extremely  rich  in  phospholipids  and  polyunsaturated  free  fatty 
acids  (PUFAs),  both  of  which  are  highly  susceptible  to  ROS  attack.  Following  ROS- 
mediated  damage  of  phospholipids  andPUFAs,  plasma  membrane  and  intracellular 
organelles,  wdiose  structure  and  function  rely  on  a  normal  protein/lipid  bilayer  orga¬ 
nization,  can  be  dangerously  jeopardized.  In  PD,  the  concentration  of  PUFAs  in 
the  nigra  is  decreased,  while  that  of  malondialdehvde,  a  marker  of  lipid  oxidation, 
is  increased  (77).  Additional  evidence  of  lipid  oxidation  in  PD  is  provided  by  the 
demonstration  that  4-hydroxy-2-nonenal,  a  lipophilic  product  of  the  peroxidation 
of  membrane-bound  arachidonic  acid  that  accumulates  in  membranes,  is  increased 
about  fourfold  in  the  spinal  fluid  of  PD  patients  (78).  Le  vels  of  markers  of  oxidative 
damage  to  proteins,  such  as  carbonyl  modifications  of  soluble  proteins,  are  also 
significantly  increased  in  postmortem  samples  of  substantia  nigra  in  PD  brains  as 
compared  to  controls  (79).  DNA  also  does  not  escape  ROS  attack;  for  example, 
deoxyguanosine  is  converted  to  8-hydroxydeoxyguanosine  (8-OHdG)  (80).  Like 
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the  other  markers  of  oxidative  damage,  8-OHdG  is  also  markedly  increased  in  post¬ 
mortem  samples  of  substantia  nigra  in  PD  brains  (81). 


X.  CONCLUSION 

PD  is  a  slow,  progressive  neurodegenerative  disorder.  The  evidence  presented 
here  views  ROS  as  instrumental  in  fostering  oxidative  stress,  leading  to  the  even¬ 
tual  destruction  of  SNpc  DA  neurons,  which  are  the  primary  targets  in  PD.  The 
slow,  progressive  nature  of  PD  suggests  that  ongoing  mild  increases  in  oxidative 
stress,  rather  than  a  one-time  dramatic  insult,  has  the  potential  to  be  pathogenic. 
We  remain  unable,  however,  to  point  to  a  single  abnormality  in  ROS  metabolism 
that  we  can  confidently  convict  as  the  executioner  of  SNpc  DA  neurons.  On  the 
other  hand,  if  we  try  to  reconcile  all  of  the  different  experimental  evidence  pre¬ 
sented  above,  we  could  raise  the  possibility  of  a  conspiracy  theory  in  which  SNpc 
DA  neuronal  death  is  mediated  by  a  group  of  otherwise  unimpressive  attackers 
that  combine  their  forces  to  produce  SNpc  DA  neurodegeneration.  In  most  in¬ 
stances,  we  are  used  to  thinking  in  terms  of  “one  disease-one  mechanism,” 
making  the  idea  of  a  conspiracy  theory  difficult  to  envision  in  the  case  of  PD. 
But  if  one  looks  at  PD  as  the  outcome  of  a  cascade  of  deleterious  events,  even 
if  some  of  the  observed  abnormalities  are  secondary,  albeit  meaningful,  the  con¬ 
spiracy  theory  becomes  much  more  plausible. 

In  conclusion,  we  believe  that  compelling  evidence  now  exists  to  support 
the  role  of  ROS  in  the  pathogenesis  of  PD.  We  also  believe  that  more  mechanistic 
studies  are  still  needed  to  clarify  the  actual  importance  of  certain  alterations  re¬ 
ported  in  the  literature,  and  to  distinguish  those  agents  that  cause  real  deleterious 
effects  from  those  that  are  unlikely  to  have  any  real  pathological  role  in  the 
development  and  progression  of  PD. 


ABBREVIATIONS 

DA 

dopamine 

MAO 

monoamine  oxidase 

MPP+ 

l-methyl-4-phenylpyridinium  ion 

MPTP 

1  -methyl-4-phenyl- 1 ,2,3,6-tetrahydropyridine 

PD 

Parkinson’s  disease 

PUFA 

polyunsaturated  free  fatty  acid 

ROS 

reactive  oxygen  species 

SNpc 

substantia  nigra  pars  compacta 

SOD 

superoxide  dismutase 

SOD1 

copper/zinc-SOD 

SOD2 

manganese-SOD 

8-OHdG 

8-hydroxydeoxyguanosine 
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Abstract 

Structural  and  functional  alterations  of  a-synuclein  is  a  presumed 
culprit  in  the  demise  of  dopaminergic  neurons  in  Parkinson’s 
disease  (PD).  a-Synuclein  mutations  are  found  in  familial  but  not 
in  sporadic  PD,  raising  the  hypothesis  that  effects  similar  to  those 
of  familial  PD-linked  a-synuclein  mutations  may  be  achieved  by 
oxidative  post-translational  modifications.  Here,  we  .show  that 
wild-type  a-synuclein  is  a  selective  target  for  nitration  following 
peroxynitrite  exposure  of  stably  transfected  HEK293  cells.  Nitration 
of  a-synuclein  also  occurs  In  the  mouse  striatum  and  ventral 


midbrain  following  administration  of  the  parkinsonian  neurotoxin 
1-methyl-4-phenyl-1,2f3f6-tetrahydropyridine  (MPTP).  Conversely, 
(3-synuclein  and  synaptophysin  were  not  nitrated  in  MPTP- 
intoxicated  mice.  Our  data  demonstrate  that  a-synuclein  is  a  target 
for  tyrosine  nitration,  which,  by  disrupting  its  biophysical  properties, 
may  be  relevant  to  the  putative  role  of  a-synuclein  in  the 
neurodegeneration  associated  with  MPTP  toxicity  and  with  PD. 
Keywords:  dopaminergic  neurons,  MPTP,  neurodegeneration, 
Parkinson’s  disease,  substantia  nigra,  synuclein. 
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Parkinson’s  disease  (PD)  is  a  common  neurodegenerative  disorder  that 
can  be  of  either  familial  or  non-familial  (i.e.  sporadic)  etiology  (Fahn 
and  Przedborski  2000).  Cardinal  clinical  features  of  PD  include  tremor, 
stiffness  and  slowness  of  movement,  all  of  which  are  attributed  to  the 
dramatic  loss  of  dopaminergic  neurons  in  the  substantia  nigra  pars 
compacta  (SNpc)  (Fahn  and  Przedborski  2000).  Mutations  in  the 
presynaptic  protein  a-synuclein  (a-syn)  are  associated  with  a  familial 
form  of  PD  (Polymeropoulos  et  at.  1997)  that  is  clinically  and 
pathologically  indistinguishable  from  the  most  common  sporadic  form 
of  this  disabling  neurodegenerative  disorder.  Mutant  a-syn  cytotoxicity 
is  likely  related  to  the  fact  that  both  of  the  identified  point  mutations 
may  enhance  the  propensity  of  a-syn  to  interact  with  other  intracellular 
proteins  and  increase  its  tendency  to  aggregate  (Conway  et  at.  1998; 
El-Agnaf  et  aL  1998;  Engelender  et  al.  1999;  Giasson  et  ah  1999;  Narhi 
et  al.  1999),  Although  similar  a-syn  mutations  are  not  found  in  sporadic 
PD  (Golbe  1999),  mounting  evidence  indicates  that  a-syn  may  also  play 
a  deleterious  role  in  sporadic  PD  (Spillantini  et  al.  1997,  1998). 
Relevant  to  these  observations,  we  have  recently  reported  widespread 
nitration  of  proteins,  which  is  a  consequence  of  the  reaction  of  nitrating 
agents  such  as  peroxynitrite  with  proteins  (Ischiropoulos  and  al  Mehdi 
1995),  in  Lewy  bodies  (LBs)  in  sporadic  PD,  in  dementia  with  LBs 
(DLB)  and  in  the  LB  variant  of  Alzheimer’s  disease  (Duda  et  al. 
2000a).  Moreover,  using  specific  monoclonal  antibodies  that  recognize 
only  nitrated  a-syn,  we  have  also  demonstrated  that  a-syn  is  the  major 


protein  that  is  modified  by  nitration  in  the  LBs  of  the  above  neuro¬ 
degenerative  disorders  as  well  as  in  neuronal  and  glial  cytoplasmic 
inclusions  (GCIs)  in  multiple  system  atrophy  (MSA)  and  in 
Hallervorden— Spatz  disease  (HSD)  (Giasson  et  al.  2000a).  These  data 
provide,  for  the  first  time,  compelling  evidence  for  the  presence  of 
nitrative  stress  and  formation  of  nitrating  agents  in  human  neuro¬ 
degenerative  disorders.  They  also  substantiate  the  hypothesis  that 
oxidative  stress  is  a  leading  pathogenic  mechanism  in  neurodegenera¬ 
tive  disorders  including  PD  (Przedborski  and  Jackson-Lewis  2000).  In 
addition,  exposure  of  wild-type  human  a-syn  to  nitrating  agents  in  vitro 
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causes  nitration  and  cross-linking  via  the  formation  of  dityrosine, 
recapitulating  some  aspects  of  the  a-syn  extracted  from  the  brains  of 
humans  with  a-syn  aggregates  (Duda  et  al.  2000b;  Galvin  et  al.  2000; 
Giasson  et  al  2000a).  Extending  these  observations  and  consistent  with 
the  oxidative-nitrative  stress  hypothesis,  we  now  present  compelling 
evidence  that  a-syn  is  a  specific  target  for  tyrosine  nitration  in  stably 
transfected  cells  challenged  with  peroxynitrite,  and  in  mice  intoxicated 
with  the  parkinsonian  neurotoxin  l-methyl-4-phenyl- 1,2,3, 6-tertahy- 
dropyridine  (MPTP)  (Przedborski  et  al.  2000a). 


Experimental  procedures 

Stable  transfection  of  HEK  293  cells 

Syn  plasmids  were  constructed  by  inserting  human  a-  or  p-syn  cDNAs 
(Jakes  et  al.  1994)  into  the  mammalian  expression  vector  pcDNA  3.1  + 
(Invitrogen,  Carlsbad,  CA,  USA).  HEK293  cells  were  obtained  from  the 
American  Type  Culture  Collection  (Rockville,  MD,  USA)  and  cultured 
in  90%  Dulbecco’s  modified  Eagle’s  medium  (high  glucose),  10%  fetal 
bovine  serum,  2  mM  L-glutamine  and  antibiotics.  Cells  were  transfected 
with  a-syn/pcDNA3.1  +  or  p-syn/pcDNA3.1  +  using  calcium  phos¬ 
phate  precipitation  buffered  with  N,N-bis[2-hydroxyethyl]-2-amino- 
ethanesulfonic  acid  (BES)  (Chen  and  Okayama  1997).  One  day 
following  transfection,  the  cells  were  re-plated  on  10-cm  dishes  and 
selection  with  Geneticin  (500  jxg/mL)  (Life  Technologies,  Rockville, 
MD,  USA)  was  initiated  24  h  later.  Individual  stable  clones  were 
isolated  with  glass  cylinders  and  detached  from  the  dish  with  trypsin. 
Stable  clones  were  re-plated  and  maintained  in  culture  medium  with 
Geneticin.  Clones  expressing  high  levels  of  syn  were  screened  by 
western  blot  analysis. 

Exposure  of  cells  to  peroxynitrite 

Cells  re-plated  on  six-well  dishes  in  fresh  culture  medium  were  exposed 
to  peroxynitrite  by  the  addition  of  small  drops  above  the  cell  surface  and 
followed  by  rapid  mixing  to  give  a  final  concentration  of  1  mM.  The 
concentration  of  peroxynitrite  was  measured  by  the  increase  in 
absorbance  at  302  nm  in  1,2  m  NaOH  as  described  previously  (Ara 
et  al.  1998).  The  pH  of  the  buffer  was  measured  at  the  end  of  the 
exposure  and  was  the  same  as  before  each  addition  of  peroxynitrite.  For 
all  experiments,  at  the  end  of  the  incubation  period,  cells  were  washed 
with  Earle’s  balanced  salt  solution,  scraped-off  of  the  plates  and 
centrifuged  at  8000  g  for  5  min.  The  pellet  was  solubilized  with  lysis 
buffer  [20  mM  Tris-HCl  (pH  7.4),  150  mM  NaCI,  4  mM  EGTA,  10% 
glycerol,  1%  Triton-X  100].  As  a  control,  peroxynitrite  was  allowed  to 
decompose  in  cell  media  prior  to  exposure  to  the  cells.  This  experiment 
controlled  for  hydrogen  peroxide  and  nitrite,  which  are  found  in 
peroxynitrite  solutions. 

Mice  and  MPTP  administration 

Eight-week-old  male  C57/bl  mice  (22-25  g,  Charles  River  Breeding 
Laboratories,  Wilmington,  MA,  USA)  were  used.  Animals  were  housed 
with  three  per  cage  in  a  temperature-controlled  room  under  a  12-h  light/ 
12-h  dark  cycle  with  free  access  to  food  and  water.  Mice  used  in  this  study 
were  treated  according  to  the  NIH  guidelines  for  Care  and  Use  of 
Laboratory  Animals  and  with  the  approval  of  Columbia  University’s 
Institutional  Animal  Care  and  Use  Committee.  On  the  day  of  the 
experiment,  mice  received  four  i.p.  injections  of  MPTP-HC1  (20  mg/kg)  in 
saline  at  2  h  intervals  and  were  killed  at  4  and  24  h  post-injection;  control 
mice  received  saline  injections  only.  MPTP  use  and  safety  precautions 
were  as  described  previously  (Przedborski  et  al  2000b).  Frozen  mouse 
striatal  and  ventral  midbrain  samples  were  homogenized  (Polytron)  in 


5.0  mL  of  extraction  buffer  (phosphate-buffered  saline  containing  1  mM 
phenylmethylsulfonyl  fluoride  and  aprotinin  at  10  mg/mL)  at  4°C. 

Immunoprecipitation  and  western  blotting 

Solubilized  extracts  from  cells  and  mice  were  briefly  sonicated  and 
centrifuged  (325  g  for  5  min)  to  remove  cellular  debris.  Protein 
concentration  was  determined  using  a  BCA  kit  (Pierce,  Rockford,  IL, 
USA).  Solubilized  proteins  (2  mg)  were  precleared  (45  min,  4°C)  with 
15  p.L  of  Gamma  bind  plus  Sepharose  (Amersham  Pharmacia  Biotech, 
Piscataway,  NJ,  USA)  and  the  supernatant  was  incubated  (16  h,  4°C) 
with  a  rabbit  anti-3-nitrotyrosine  (3-NT)  polyclonal  antibody  previously 
characterized  (Beckman  et  al.  1994;  Ye  et  al.  1996),  or  a  mouse  anti-a- 
syn  monoclonal  antibody  (Syn-1)  (Transduction  Laboratories,  Lexing¬ 
ton,  KY,  USA).  Immune  complexes  were  absorbed  (1.5  h,  4°C)  to 
50  p.L  of  Gamma  Bind  plus  Sepharose,  extensively  washed  with 
extraction  buffer  by  sequential  sedimentation  and  resuspension,  eluted 
in  sample  loading  buffer  by  heating  to  95°C  for  5  min,  and  resolved  by 
SDS-PAGE  on  12-15%  polyacrylamide  gels.  Proteins  were  electro- 
phoretically  transferred  to  nitrocellulose  or  PVDF  membranes,  which 
were  blocked  with  5%  non-fat  dry  milk  in  1  x  TBS,  0.1  %  Tween  20  for 
1  h.  Incubation  with  one  of  the  primary  antibodies  was  performed 
overnight  at  4°C  using  either  Syn-1,  anti-p-syn  (a  gift  from  Dr  S. 
Nakajo,  Tokyo,  Japan),  Syn  207  (Giasson  et  al.  2000b),  anti- 
synaptophysin  (a  gift  from  Dr  Honer,  Albert  Einstein  College  of 
Medicine,  NY,  USA)  or  anti-3-NT  antibody.  Incubation  with  a 
secondary  anti -mouse-  or  anti -rabbit-conjugated  horseradish  peroxidase 
antibody  was  performed  at  25°C  for  1  h.  After  washing  in  1  x  TBS, 
0.1%  Tween-20,  blots  were  developed  with  Super  Signal  Ultra 
chemiluminiscence  (Pierce)  and  exposed  to  Kodak  BetaMax  film. 


Results  and  discussion 

In  the  present  study,  we  demonstrate  that  a-syn  is  a  specific  target  for 
tyrosine  nitration  in  a  cell  model  as  well  as  in  the  mouse  brain  after 
MPTP  intoxication.  First,  non -transfected  HEK293  cells  and  HEK293 
cells  overexpressing  human  a-syn  or  p-syn  were  exposed  to 
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Fig.  1  Exposure  of  HEK293  cells  to  peroxynitrite  results  in  the  nitra¬ 
tion  of  cellular  proteins.  All  of  the  cells  were  exposed,  under  the 
same  conditions,  to  1  mM  chemically  synthesized  peroxynitrite.  (a) 
Western  blot  analysis  using  an  anti-NT  polyclonal  antibody:  lane 
1  -  non-transfected  cells;  lane  2  -  cells  expressing  human  a-syn; 
lane  3  -  cells  expressing  p-syn.  (b)  The  same  as  (a)  but  developed 
using  an  anti-a-syn  antibody  (lane  1  and  2)  or  using  the  antibody 
Syn  207,  which  specifically  recognizes  p-syn.  Fifty  fig  of  total  protein 
was  loaded  onto  each  lane  of  the  polyacrylamide  gel.  The  molecular 
masses  of  markers  are  indicated  to  the  left  of  the  blots. 
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Fig.  2  Immunopreeptatiori  of  a-syn  followed  by  western  blotting 
with  antibodies  to  a-syn  or  NT  reveals  nitration  of  the  protein  after 
the  exposure  of  HEK293  cells  to  peroxynitrite.  Cells  were  untreated 
(lanes  1),  or  exposed  to  decomposed  (lanes  2)  or  fresh  (lanes  3) 
peroxynitrite. 


peroxynitrite,  an  oxidizing  and  nitrating  agent  (Ischiropoulos  and 
al  Mehdi  1995).  This  treatment  resulted  in  the  nitration  of  a  number  of 
proteins  as  demonstrated  by  the  western  blot  analysis  using  an  anti-NT 
antibody  (Fig.  la).  However,  only  HEK293  cells  transfected  with  a-syn 
showed  a  nitrated  protein  band  with  the  molecular  mass  corresponding  to 
a-syn.  To  demonstrate  that  a-syn  was  indeed  nitrated,  die  total  protein 
extract  was  subjected  to  immunoprecipitation  using  an  anti-a-syn 
antibody  and  then  the  recovered  immunopreeipitated  protein  was  probed 
with  the  anti-3-NT  antibody.  This  experiment  confirmed  that  a  significant 
fraction  of  the  immunopreeipitated  a-syn  was  definitely  nitrated  in  the 
cells  exposed  to  peroxynitrite  (Fig.  2,  lane  3),  but  not  in  untreated  cells  or 
in  cells  exposed  to  decomposed  reagent  (Fig.  2,  lanes  1  and  2). 

Given  these  results,  we  then  proceeded  to  assess  whether  a-syn  was 
nitrated  in  the  MPTP  mouse  model  of  PD.  The  use  of  this  particular 
experimental  model  has  been  motivated  by  the  fact  that,  thus  far, 
significant  insights  into  the  pathogenesis  of  PD  have  been  achieved 
using  this  neurotoxin,  which  replicates  in  humans  and  in  non-human 
primates  a  severe  and  irreversible  PD-Hke  syndrome,  with  concomitant 
degeneration  of  dopaminergic  neurons  (Przedborski  et  al  2000a). 
Moreover,  several  studies  have  indicated  that  reactive  nitrogen  species 
and  tyrosine  nitration  not  only  occur  in  this  model  but  also  participate  in 
the  MPTP  neurotoxic  process  (Schulz  et  al  1995;  Przedborski  et  al 
1996;  Ara  et  al  1998;  Mandir  et  al  1999;  Pennathur  et  al  1999), 

Immunoprecipitation  of  a-syn  was  performed  as  above  from  striatum 
and  ventral  midbrain,  the  two  main  targets  of  MPTP  neurotoxicity 
(Przedborski  et  al  2000a).  Immunopreeipitated  a-syn  from  striatum  and 
ventral  midbrain  was  selectively  nitrated  4  h  after  the  MPTP  administra¬ 
tion  (Fig.  3).  Conversely,  immunoprecipitation  of  a-syn  from  striatum  and 
ventral  midbrain  of  saline-injected  mice,  also  at  4  h  post-injection,  did  not 
reveal  any  detectable  nitration  of  the  protein  (Fig,  3).  In  contrast  to  the 
robust  tyrosine  nitration  of  a-syn  (Figs  3a  and  b),  no  tyrosine  nitration  was 
detected  in  two  other  presynaptic  proteins,  (3-syn  and  synaptophvsm, 
following  a  similar  MPTP  administration  (Figs  3c  and  d).  This  observation 
is  consistent  with  our  previous  finding  that  only  selected  proteins  are 
tyrosine-nitrated  after  MPTP  exposure  (Ara  et  al  1998;  Ischiropoulos 
1998)  and  with  the  observation  that  a-syn,  but  not  p-syn,  is  nitrated  after 
exposure  of  cells  to  the  same  peroxynitrite  challenge.  Moreover,  this 
observation  is  consistent  with  the  demonstrations  that  nitrated  a-syn  is 
present  in  the  hallmark  lesions  in  a  number  of  human  neurodegenerative 
synucleinopathies  (Duda  et  al  2000a;  Giasson  et  al  2000a). 

The  higher  efficiency  of  a-syn  nitration  is  likely  to  be  caused  by  the 
unstructured  conformation  of  the  protein  in  aqueous  solution,  which 
exposes  all  four  tyrosine  residues  to  the  solvent  phase  and  increases  the 
probability  of  the  reaction  with  nitrating  agents.  Moreover,  glutamate 
residues,  a  structural  conformation  associated  with  enhanced  suscep¬ 
tibility  of  tyrosine  to  nitration,  are  near  all  three  tyrosine  residues  (125, 
133  and  136)  in  the  carboxy  terminal  domain  of  a-syn.  Indeed,  purified 
human  a-syn  exposed  to  the  nitrating  agent  in  vitro  and  analyzed  by 
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Fig.  3  Tyrosine  nitration  of  striatal  a-syn,  but  not  of  (3-syn  or  synap- 
tophysin,  following  MPTP  injection  to  mice.  Following  administration 
of  MPTP  (4  h  after  the  last  injection)  or  vehicle  (saline),  striata! 
proteins  were  immunopreeipitated  (IP)  using:  anti-a-syn  (a);  anti-NT 
(b);  anti-p-syn  (c);  or  anti-synaptophysin  (d)  as  described  in  Experi¬ 
mental  procedures.  After  SDS-PAGE  and  transfer  of  proteins  onto 
nitrocellulose  membrane,  immunoblots  were  probed  with  anti-NT 
(lower  panels  of  a,  c  and  d),  anti-a-syn  (a  -  top  panel  and  b),  anti- 
p-syn  (c  -  top  panel)  and  anti-synaptophysin  (d  -  top  panel)  as 
described  in  Experimental  procedures. 


electrospray  mass  spectrometry,  revealed  that  nitration  of  a-syn  occurs 
at  all  four  tyrosine  residues  (Souza  et  al.  2000).  In  addition  to  nitration, 
exposure  of  a-syn  to  nitrating  agents  also  results  in  the  stable  cross- 
linking  of  the  protein  via  the  formation  of  dityrosine  (Souza  et  al  2000), 
In  contrast,  p-syn  is  nitrated  to  a  lesser  extent  than  a-syn  in  vitro  and  does 
not  form  stable  O-O'dityrosine  crosslinks  after  exposure  to  nitrating 
agents,  despite  the  presence  of  all  four  conserved  tyrosine  residues  in 
both  proteins  (Souza  et  al  2000).  More  significantly,  we  show  here  that 
in  two  in  vivo  models,  a-syn  is  selectively  nitrated,  whereas  nitration  of 
P-syn  is  below  detectable  limits.  The  preferential  nitration  and  oxidation 
of  tyrosine  residues  in  a-syn  could  be  caused  by  the  accessibility  of 
tyrosine  residues  to  nitrating  agents  and  by  the  presence  of  the  protein  in 
close  proximity  to  the  site(s)  of  generation  of  the  nitrating  agent.  Our 
results  raise  the  possibility  that  both  syn  proteins  may  have  different 
confirmations,  or  that  p-syn  may  be  protected  from  oxidation,  perhaps  by 
different  interacting  partners  in  vivo .  We  have  previously  argued  that 
proximity  to  sites  of  superoxide  generation  may  be  important  in 
determining  proteins  modified  by  nitration,  as  overexpression  of  super¬ 
oxide  dismutase  and  superoxide  mimetics  have  been  shown  to  prevent  the 
nitration  of  proteins  in  vivo  and  in  cell  models  (Ara  et  al  1998; 
Cuzzocrea  et  al  2000;  Pong  et  al  2000). 

The  significance  of  the  tyrosine  nitration  of  a-syn  remains  unclear. 
Tyrosine  nitration  induces  secondary  and  tertiary  structural  alterations, 
which  may  critically  modify  protein  functions  (Ischiropoulos  1998). 
The  change  in  the  ionization  state  of  the  modified  protein  induced  by  a 
local  shift  in  the  pKa  from  10.01  of  tyrosine  to  7.5  of  3-NT,  and  the 
consequent  changes  in  hydrophobicity  and  conformation,  may  facilitate 
interactions  with  other  proteins,  thereby  promoting  protein  aggregation. 
Preliminary  data  indeed  indicate  an  increased  adherence  of  mouse  brain 
extracts  to  nitrated  a-syn  compared  with  the  unmodified  wild-type 
protein  (Chen  et  al ,  unpublished  observation). 

Collectively,  the  data  indicate  that  a-syn  is  a  preferential  target 
for  oxidative  stress-mediated  post-translational  modifications.  These 
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alterations  may  trigger  abnormal  protein  compartmentalization  and 
aggregation,  two  phenomena  that  are  potential  culprits  for  the 
neurodegeneration  process  in  PD. 
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Parkinson’s  disease  (PD)  is  a  common  disabling  neuro- 
degenerative  disorder  the  cardinal  clinical  features  of  which 
include  tremor,  rigidity  and  slowness  of  movement  (Fahn 
and  Przedborski  2000),  These  symptoms  are  attributed 
mainly  to  a  profound  reduction  of  dopamine  in  the 
striatum  due  to  a  dramatic  loss  of  dopaminergic  neurons 
in  the  substantia  nigra  pars  compacta  (SNpc)  (Fahn  and 
Przedborski  2000),  Thus  far,  both  the  cause  and  the 
mechanisms  of  PD  remain  unknown.  Over  the  years, 
investigators  have  used  experimental  models  of  PD 
produced  by  several  compounds  such  as  reserpine, 
6-hydroxydopamine,  methamphetamine,  and  l-methyl-4- 
phenyl- 1 ,2,3 ,6-tetrahydropyridine  (MPTP)  to  provide 
insights  into  the  mechanisms  responsible  for  the  demise  of 
dopaminergic  neurons  in  PD.  To  this  end,  MPTP  has 
emerged  unquestionably  as  a  popular  tool  for  inducing  a 
model  of  PD  in  a  variety  of  animal  species  including 
monkeys,  rodents,  cats,  and  pigs  (Kopin  and  Markey  198B). 
The  sensitivity  to  MPTP  and  therefore  its  ability  to  induce 
parkinsonism  closely  follows  the  phylogenetic  tree  where 
the  species  most  closely  related  to  humans  are  the  most 
vulnerable  to  this  neurotoxin.  Due  to  the  significant 
neurotoxicity  of  MPTP,  it  is  important  that  researchers 
appreciate  the  potential  hazards  of  this  toxin.  Given  this,  the 
purpose  of  this  review  is  to  inform  the  researcher  of  the 
hazardous  nature  of  MPTP  and  to  provide  guidance  for  its 
safe  handling  and  use. 

MPTP  models  of  PD 

MPTP  is  a  by-product  of  the  chemical  synthesis  of  a 
meperidine  analog  with  potent  heroin-like  effects.  MPTP 


can  induce  a  parkinsonian  syndrome  in  humans  almost 
indistinguishable  from  PD  (Langston  and  Irwin  1986). 
Recognition  of  MPTP  as  a  neurotoxin  occured  early  in  1982, 
when  several  young  drug  addicts  mysteriously  developed  a 
profound  parkinsonian  syndrome  after  the  intravenous  use 
of  street  preparations  of  meperidine  analogs  which, 
unknown  to  anyone,  were  contaminated  with  MPTP 
(Langston  et  aL  1983).  In  humans  and  non-human  primates, 
depending  on  the  regimen  used,  MPTP  can  produce  an 
irreversible  and  severe  parkinsonian  syndrome  that  repli¬ 
cates  almost  all  of  the  features  of  PD,  including  tremor, 
rigidity,  slowness  of  movement,  postural  instability,  and 
even  freezing;  in  non-human  primates,  a  resting  tremor 
characteristic  of  PD  has  only  been  demonstrated  convin¬ 
cingly  in  the  African  green  monkey  (Tetrad  et  aL  1986).  The 
responses,  as  well  as  the  complications,  to  traditional 
antiparkinsonian  therapies  are  virtually  identical  to  those 
seen  in  PD.  It  is  believed  that  in  PD  the  neurodegenerative 
process  occurs  over  several  years,  while  the  most  active 
phase  of  neurodegeneration  is  completed  within  a  few 
days  following  MPTP  administration  (Langston  1987; 


Received  May  3,  2000;  revised  manuscript  received  August  7,  2000; 
accepted  August  7,  2000. 

Address  correspondence  and  reprint  requests  to  Dr  S,  Przedborski, 
Department  of  Neurology,  Columbia  University,  650  West  168th  Street, 
BB-307,  New  York,  NY  10032.  E-mail:  sp30@columbia.edu. 

Abbreviations  used :  MAG-B,  monoamine  oxidase  B;  MPDP+,  1- 
methyl-4-phenyl-2,3-dihydropyridinium;  MPP+,  1 -methyl -4- phenyl- 
pyridinium;  MPTP,  1  -methyl-4-phenyl- 1 ,2,3,6-tetrahydropyridine; 
MSDS,  material  safety  data  sheet,  PD,  Parkinson’s  disease;  PPE, 
personal  protective  equipment;  SNpc,  substantia  nigra  pars  compacta. 


©  2001  International  Society  for  Neurochemistry,  Journal  of  Neurochemistry,  76,  1265-1274 


1265 


1266  S.  Przedborski  et  al. 


Jackson-Lewis  et  al.  1995).  However,  recent  data  suggest 
that,  following  the  main  phase  of  neuronal  death,  MPTP- 
induced  neurodegeneration  may  continue  to  progress 
‘silently*  over  several  decades,  at  least  in  humans  intoxi¬ 
cated  with  MPTP  (Vingerhoets  et  al.  1994;  Langston  et  al. 
1999).  Except  for  four  cases  (Davis  et  al.  1979;  Langston 
et  al.  1999),  no  human  pathological  material  has  been 
available  for  studies  and  thus,  the  comparison  between  PD 
and  the  MPTP  model  is  largely  limited  to  primates  (Fomo 
et  al.  1993).  Neuropathological  data  show  that  MPTP 
administration  causes  damage  to  the  nigrostriatal  dopami¬ 
nergic  pathway  identical  to  that  seen  in  PD  (Agid  et  al. 
1987),  yet  there  is  a  resemblance  that  goes  beyond  the  loss 
of  SNpc  dopaminergic  neurons.  Like  PD,  MPTP  causes 
greater  loss  of  dopaminergic  neurons  in  SNpc  than  in  ventral 
tegmental  area  (Seniuk  et  al.  1990;  Muthane  et  al.  1994) 
and,  at  least  in  monkeys  treated  with  low  doses  of  MPTP  but 
not  in  humans,  greater  degeneration  of  dopaminergic  nerve 
terminals  in  the  putamen  than  in  the  caudate  nucleus 
(Moratalla  et  al.  1992;  Snow  et  al.  2000).  However,  two 
typical  neuropathologic  features  of  PD  have,  until  now,  been 
lacking  in  the  MPTP  model.  First,  except  for  SNpc, 
pigmented  nuclei  such  as  locus  coeruleus  have  been  spared, 
according  to  most  published  reports.  Second,  the  eosino¬ 
philic  intraneuronal  inclusions,  called  Lewy  bodies,  so 
characteristic  of  PD,  thus  far,  have  not  been  convincingly 
observed  in  MPTP-induced  parkinsonism  (Fomo  et  al. 
1993),  although,  in  MPTP-injected  monkeys,  intraneuronal 
inclusions  reminiscent  of  Lewy  bodies  have  been  described 
(Fomo  et  al.  1986). 

Modes  of  administration 

To  date,  the  most  frequently  used  animals  for  MPTP  studies 
are  monkeys,  mice  and  rats.  The  administration  of  MPTP 
through  a  number  of  different  routes  using  different  dosing 
regimens  has  led  to  the  development  of  several  distinct 
models,  each  characterized  by  some  unique  behavioral  and/ 
or  biochemical  features.  The  manner  in  which  these  models 
were  developed  is  based  on  the  concept  of  delivering  MPTP 
in  a  fashion  that  creates  the  most  severe  and  stable  form  of 
SNpc  damage  with  the  least  number  of  undesirable 
consequences  such  as  acute  death,  dehydration  and  mal¬ 
nutrition.  Although  MPTP  can  be  given  by  a  number  of 
different  routes,  including  gavage  and  stereotaxic  injection 
into  the  brain,  the  most  common,  reliable,  and  reproducible 
lesion  is  provided  by  its  systemic  administration  (i.e. 
subcutaneous,  intravenous,  intraperitoneal  or  intramuscular). 

Monkeys 

The  most  commonly  used  regimens  in  monkeys  are  the 
multiple  intraperitoneal  or  intramuscular  injections  and  the 
intracarotid  infusion  of  MPTP  (Petzinger  and  Langston 
1998).  The  former  is  easy  to  perform  and  produces  a 


bilateral  parkinsonian  syndrome.  However,  often  the 
monkey  exhibits  a  generalized  parkinsonian  syndrome  so 
severe  that  chronic  administration  of  levodopa  is  required  to 
enable  the  animal  to  eat  and  drink  adequately  (Petzinger  and 
Langston  1998).  On  the  other  hand,  the  unilateral  intra¬ 
carotid  infusion  is  technically  more  difficult,  but  causes 
symptoms  mainly  on  one  side  (Bankiewicz  et  al.  1986; 
Przedborski  et  al.  1991),  which  enables  the  monkey  to 
maintain  normal  nutrition  and  hydration  without  the  use 
levodopa. 

For  many  years  monkeys  were  mainly,  if  not  exclusively, 
treated  with  harsh  regimens  of  MPTP  to  produce  an  acute 
and  severe  dopaminergic  neurodegeneration  (Petzinger  and 
Langston  1998).  More  recently,  several  investigators  have 
treated  monkeys  with  low  doses  of  MPTP  (e.g.  0.05  mg/kg 
2-3-times  per  week)  for  a  prolonged  period  of  time  (i.e. 
weeks  to  months)  in  an  attempt  to  better  model  the  slow 
neurodegenerative  process  of  PD  (Schneider  and  Roeltgen 
1993;  Bezard  et  al.  1997;  Schneider  et  al.  1999).  While  both 
the  acute  and  the  chronic  MPTP-monkey  models  are 
appropriate  for  the  testing  of  experimental  therapies 
aimed  at  alleviating  PD  symptoms,  it  is  the  chronic  model 
that  is,  presumably,  the  most  suitable  for  the  testing  of 
neuroprotective  strategies. 

Mice 

In  addition  to  monkeys,  many  other  mammalian  species  are 
also  susceptible  to  MPTP  (Kopin  and  Markey  1988; 
Heikkila  et  al.  1989;  Przedborski  et  al.  2000).  Mice  have 
become  the  most  commonly  used  species  for  both  technical 
and  financial  reasons.  However,  several  problems  need  to  be 
emphasized.  First,  mice  are  much  less  sensitive  to  MPTP 
than  monkeys;  thus,  much  higher  doses  are  required  to 
produce  significant  SNpc  damage  in  this  animal  species, 
presenting  a  far  greater  hazardous  situation.  Second,  in 
contrast  to  the  situation  in  monkeys,  mice  treated  with 
MPTP  do  not  develop  parkinsonism.  Third,  the  magnitude 
of  nigrostriatal  damage  depends  on  the  dose  and  dosing 
schedule  (Sonsalla  and  Heikkila  1986). 

Rats 

The  use  of  MPTP  in  rats  presents  an  interesting  situation 
(Kopin  and  Markey  1988).  For  instance,  rats  injected  with 
mg/kg  doses  of  MPTP  comparable  to  those  used  in  mice  do 
not  exhibit  any  significant  dopaminergic  neurodegeneration 
(Giovanni  et  al.  1994a;  Giovanni  et  al.  1994b).  Conversely, 
rats  injected  with  much  higher  doses  of  MPTP  do  exhibit 
significant  dopaminergic  neurodegeneration  (Giovanni  et  al. 
1994a;  Giovanni  et  al.  1994b)  although,  at  these  high  doses, 
rats  have  to  be  pretreated  with  guanethidine  to  prevent 
dramatic  peripheral  catecholamine  release  and  extensive 
mortality  (Giovanni  et  al.  1994a).  These  findings  indicate 
that  rats  are  relatively  insensitive  to  MPTP,  but  regardless  of 
this  drawback,  rats  continue  to  be  used  often  in  MPTP 
studies  (Storey  et  al.  1992;  Giovanni  et  al.  1994a;  Giovanni 
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et  aL  1994b;  Staal  and  Somalia  2000;  Staal  et  aL  2000).  In 
rats,  the  systemic  administration  of  MPTP  is  rarely  used  and 
the  vast  majority  of  studies  involve  the  stereotaxic  infusion 
of  MPTP's  toxic  metabolite,  l-methyl-4-phenylpyridinium 
(MPP+)  (Storey  et  aL  1992;  Giovanni  et  aL  1994a;  Giovanni 
et  aL  1994b;  Staal  and  Somalia  2000;  Staal  et  aL  2000). 

Intervening  factors 

Several  factors  influence  the  reproducibility  of  the  lesion  in 
monkeys,  rats,  and  mice.  However,  to  our  knowledge,  the 
extensive  and  systematic  assessment  of  these  factors  has 
only  been  done  in  mice,  and  can  be  found  in  the  following 
references  (Heikkila  et  aL  1989;  Giovanni  et  aL  1991; 
Giovanni  et  aL  1994a;  Giovanni  et  aL  1994b;  Miller  et  aL 
1998;  Hamre  et  aL  1999;  Staal  and  Somalia  2000),  the 
highlights  of  which  can  be  summarized  as  follows:  different 
strains  of  mice  (and  even  within  a  given  strain  obtained  from 
different  vendors)  can  exhibit  strikingly  distinct  sensitivity 
to  MPTP.  This  differential  sensitivity  acts  in  an  autosomal 
dominant  fashion  (Hamre  et  aL  1999).  Gender,  age,  and 
body  weight  are  also  factors  that  modulate  MPTP  sensitivity 
as  well  as  reproducibility  of  the  lesion,  in  that  female  mice 
are  less  sensitive  and  exhibit  more  variability  in  the  extent  of 
damage  than  males,  as  do  mice  younger  than  8  weeks  and 
lighter  than  25  g.  From  our  experience,  optimal  reproduci¬ 
bility  in  MPTP  neurotoxicity  is  obtained  using  male  C57 
BL/6  mice  8-10  weeks  of  age  and  25-30  g  in  weight.  Also 
of  importance  is  that,  following  MPTP  administration,  some 
mice  will  die  within  the  first  48  h  postinjection;  note  that 
C57  BL/6  mice  from  different  vendors  exhibit  dramatically 
different  magnitudes  of  acute  lethality,  ranging  from  5%  to 
90%.  This  common  issue  is  unlikely  related  to  a  toxic  effect 
in  the  central  nervous  system  but  rather  toxicity  to  the 
peripheral  nervous  and  cardiovascular  systems.  Although,  to 
our  knowledge,  this  possibility  has  never  been  formally 
studied,  we  believe  that,  following  acute  MPTP  administra¬ 
tion,  mice  develop  fatal  alterations  in  heart  rate  and  blood 
pressure.  Moreover,  MPTP  intoxication  causes  a  transient 
drop  in  body  temperature,  which  not  only  can  modulate  the 
extent  of  dopaminergic  damage  (Moy  et  aL  1998),  but  can 
also  contribute  to  acute  lethality.  Death  rate  can  be  reduced 
by  maintaining  the  body  temperature  of  the  injected  mice 
using  a  temperature-controlled  warming  pad  (do  not  use  a 
lamp,  which  can  kill  mice  by  overheating  them  as  there  is  no 
control  of  the  temperature). 

Metabolism  of  MPTP 

MPTP  has  a  complex  multistep  metabolism  (Tipton  and 
Singer  1993;  Przedborski  et  aL  2000).  It  is  highly  lipophilic, 
and  freely  and  rapidly  crosses  the  blood-brain  barrier. 
Within  a  minute  after  MPTP  injection,  levels  of  the  toxin  are 
detectable  in  the  brain  (Markey  et  aL  1984).  Once  in  the 


brain,  MPTP  is  metabolized  to  1  -methyl -4-pheny  1-2,3- 
dihydropyridinium  (MPDP+)  by  the  enzyme  monoamine 
oxidase  B  (MAO-B)  in  non-dopaminergic  cells.  Then 
MPDP+  is  oxidized  to  the  active  MPTP  metabolite, 
MPP+,  which  is  then  released  into  the  extracellular  space, 
where  it  is  taken  up  by  the  dopamine  transporter  and  is 
concentrated  within  dopaminergic  neurons,  where  it  exerts 
its  toxic  effects.  The  essential  role  of  these  different 
metabolic  steps  in  MPTP-induced  neurotoxicity  and  the 
fact  that  MPP+  is  the  actual  culprit  are  demonstrated  by  the 
following  observations:  (1)  pretreatment  with  MAO-B 
inhibitors  such  .as  deprenyl  prevents  MPTP  biotransforma¬ 
tion  to  MPP+  and  blocks  dopaminergic  toxicity  (Heikkila 
et  aL  1984;  Markey  et  aL  1984);  (2)  pretreatment  with 
dopamine  uptake  inhibitors  (e.g.  mazindol)  prevents  MPP+ 
entry  into  dopaminergic  neurons  and  also  blocks  dopami¬ 
nergic  toxicity  (Javitch  et  aL  1985),  at  least  in  mice;  and  (3) 
striatal  MPP+  content  correlates  linearly  with  dopaminergic 
toxicity  in  mice  (Giovanni  et  aL  1991), 

Body  distribution  and  environmental 
contamination 

Knowing  where  MPTP  and  its  toxic  metabolite,  MPP+, 
accumulate  both  inside  and  outside  of  the  body  of  the 
injected  animal  following  MPTP  administration  is  germane 
to  the  formulation  of  any  set  of  standard  practices  for  the 
safe  use  of  MPTP, 

Following  MPTP  administration  to  both  mice  and 
monkeys,  only  the  interior  surfaces  of  the  cage,  the  surfaces 
that  the  animals  and/or  their  excreta  could  physically  touch, 
including  food  and  drinking  bottle,  are  contaminated  with 
MPTP  and  its  metabolites  (Yang  et  aL  1988),  Conversely, 
no  evidence  of  contamination  is  found  outside  of  the  cage  or 
on  the  outside  surrounding  surfaces  (Yang  et  aL  1988).  At 
two  days  postinjection,  70%  of  the  total  injected  dose  of 
MPTP  and  its  metabolites  is  recovered  from  the  inside  cage- 
wash,  urine  and  feces,  of  which  about  15%  in  mice  and  2% 
in  monkeys  is  unmetabolized  MPTP,  while  the  rest  is  due  to 
MPTP  metabolites,  such  as  MPP+.  Moreover,  it  appears  that 
the  excretion  of  unmetabolized  MPTP  occurs  mainly  during 
the  first  day  postinjection,  while  mainly  MPTP  metabolites 
are  excreted  up  to  3  days  postinjection  (Yang  et  aL  1988), 
There  is  no  evidence  either  in  mice  or  in  monkeys  that 
MPTP  and  its  metabolites  are  still  being  excreted  after 
3  days  post  MPTP  administration.  Although  high  concen¬ 
trations  of  MPTP  are  found  in  the  bile,  the  main  route  of 
MPTP  excretion  is  the  urine  (Johannessen  et  aL  1986), 
MPTP  in  urine  will  likely  be  ionized  and  not  volatile,  and  be 
well  absorbed  by  the  animal  bedding.  Also,  less  than  0.01% 
of  the  total  injected  dose  of  MPTP  is  detected  as  volatile 
MPTP,  which  probably  originates  from  the  animals  exhaling 
MPTP  or  from  vapors  from  contaminated  urine  (Yang  et  aL 
1988). 
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One  day  after  an  injection  of  radiolabeled  MPTP  to  mice, 
most  of  the  radioactivity  is  localized  in  the  brain  and  the 
adrenal  gland,  while  all  other  organs  contain  50-75%  lower 
amounts  of  radioactivity  (Johannessen  et  al  1986).  Analysis 
of  the  radioactive  species  recovered  from  different  organs 
and  body  fluids  such  as  bile,  urine,  blood,  and  CSF 
demonstrates  variable  amounts  of  unmetabolized  MPTP 
soon  after  injection,  but  by  12-24  h  postinjection,  essen¬ 
tially  all  of  the  radioactivity  corresponds  to  MPP+  (Markey 
et  al  1984;  Johannessen  et  al  1986). 

From  the  above,  it  appears  that  the  potential  risks  of 
exposure  to  MPTP  are  through  direct  contact  with  the 
animal,  the  animal  cage  inner  surfaces,  and  its  bedding 
material.  There  is  minimal  risk  from  exposure  due  to 
airborne  or  vapor-borne  forms  of  MPTP.  Although  safety 
procedures,  as  outlined  below,  must  always  be  followed,  the 
period  of  maximal  risk  of  MPTP  contamination  is  from  the 
moment  of  injection  to  the  time  that  MPTP  or  its  metabolites 
are  no  longer  found  in  the  excreta  of  treated  animals;  as  a 
precautionary  measure,  we  recommend  extending  the 
period  of  high-risk  from  3  days  to  5  days  post-MPTP 
injection. 


Personal  protection 

Prior  to  discussing  MPTP  preparation,  injection  and  animal 
experimentation,  it  is  necessary  to  discuss  the  issues  of  the 
recommended  facility  and  personal  protective  equipment 
(PPE).  As  a  rule,  only  investigators  and/or  staff  members 
who  are  trained  in  handling  hazardous  agents  and  who  are 
familiar  with  MPTP  safety  procedures  and  practices  should 
prepare  and  administer  MPTP,  and  monitor  the  animals 
during  the  high-risk  period  (i.e.  5  days  post-MPTP  injec¬ 
tion).  Of  note,  any  staff  member  who  undertakes  these  tasks 
should  give  informed  consent  and  not  be  coerced  into  taking 
on  MPTP-related  duties.  Moreover,  it  is  strongly  recom¬ 
mended  that  all  aspects  of  the  MPTP  experiment,  including 
storage  and  solution  preparation,  take  place  in  a  dedicated 
procedure  room  (for  small  animals)  or  area  within  the 
animal  room  (for  large  animals),  and  not  in  a  regular 
laboratory.  For  personal  safety,  when  using  MPTP, 
researchers  are  required  to  wear  the  PPE  described  below, 
during  the  preparation  of  the  MPTP  solution,  the  injection 
period,  and  5  days  postinjection.  Thereafter,  regular 
laboratory  attire  as  required  to  handle  animals  is  sufficient. 

It  is  important  to  emphasize  that  in  laboratories 
committed  to  MPTP  research,  one  cannot  exclude  that 
exposure  to  even  trace  amounts  of  MPTP  over  many 
years  of  the  same  investigator  and/or  staff  member 
may  have  negative  consequences.  This  is  one  more 
reason  why  a  heightened  standard  of  protection  must  be 
implemented  for  any  individual  involved  in  MPTP 
experiments. 


Dedicated  procedure  room  and  area  within  animal 
room 

All  MPTP  experiments  including  preparation  of  solutions 
must  be  performed  in  a  procedure  or  animal  room  under 
negative-pressure  because  aerosols  from  MPTP  and  its 
metabolites  can  be  generated  from  bedding,  excreta  and 
animal  fur.  All  animals  should  be  acclimated  to  the  room  for 
4-7  days  prior  to  any  MPTP  experiment  to  allow  for 
monoamine  stabilization  before  MPTP  injection  since 
monoamine  level  alterations  may  affect  intragroup  lesion 
reproducibility.  The  procedure  or  animal  room  should  have 
a  12-h  light-dark  cycle,  a  bench  with  a  working  area,  a  sink, 
and  be  temperature-controlled.  For  small  animals  like  mice, 
it  should  also  be  equipped  with  an  animal  rack  to  hold  all  of 
the  cages  and  a  fume  hood.  All  furniture  should  be  of 
stainless  steel  or  of  any  material,  except  wood,  that  is  acid- 
resistant  and  washable.  All  working  surfaces  including  the 
fume  hood  and  animal  racks  should  be  covered  with 
materials  that  are  absorbent  on  the  face-up  side  and  non¬ 
absorbent  on  the  face-down  side.  The  entire  floor  of  the 
procedure  room  or  working  area  in  the  animal  room  for 
large  animals  should  be  covered  with  plastic-backed 
absorbent  sheets.  A  warning  sign  clearly  stating  ‘Danger! 
MPTP  Neurotoxin  Use  Area  -  Entry  Restricted’  must  be 
posted  on  the  outside  of  the  procedure  or  animal  room  door. 
The  room  must  be  locked  at  all  times  and  the  animal  care 
staff  informed  of  the  ongoing  use  of  MPTP  and  its  dangers. 
They  must  also  be  informed  that  this  room  is  off  limits 
unless  allowed  to  enter  by  the  responsible  investigator. 

This  procedure  room  or  designated  procedure  area  should 
be  completely  equipped  with  all  of  the  necessary  supplies 
for  the  MPTP  experiments.  It  should  also  contain  a  sharps 
disposal  container  clearly  labeled  as  hazardous  waste,  a 
container  lined  with  a  hazardous  waste  disposal  bag  for  solid 
waste  (diapers,  gloves,  animal  shavings,  etc.),  gloves, 
absorbent  pads,  paper  towels,  markers,  weighing  scales  for 
animals  and  MPTP,  sterile  saline,  syringes  with  needles,  1% 
bleach  (sodium  hypochlorite)  solution  in  water,  a  strong 
biodegradable  detergent,  personal  protective  equipment  (see 
below),  and  deprenyl  (selegiline),  an  MAO-B  inhibitor,  for 
accidental  exposure  to  MPTP.  It  is  imperative  that  the 
material  safety  data  sheet  (MSDS)  for  MPTP,  which  is 
supplied  by  the  manufacturer,  be  kept  in  the  room.  Thus, 
once  in  the  room  or  area,  there  should  be  no  need  to  exit 
during  the  injection  period. 


Personal  protection  equipment 

PPE  must  be  worn  during  all  procedures  involving  MPTP, 
including  during  the  5  days  post-MPTP  injection.  The 
PPE  is  far  more  important  when  injecting  mice  than 
monkeys  as  mice  require  significantly  higher  doses  of 
MPTP.  The  PPE  consists  of  a  one-piece  garment  with  an 
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attached  hood,  elastieized  wrists  and  attached  boots  made  of 
a  lightweight,  chemically  and  biologically  inert,  non¬ 
absorbent  material  that  is  tear-resistant  and  provides 
protection  from  airborne  particles.  This  garment  should  be 
easy  enough  to  get  into  and  economical  enough  to  throw 
away  after  one  wearing.  For*  example,  coveralls  made  of 
Tyvek  fabric  with  elastieized  wrists  and  boots  and  an 
attached  hood  (Kapplar,  Guntersville,  AL,  USA)  can  be 
used.  A  full-face  respirator  with  removable  HEPA  filter 
cartridges  that  is  fit-tested  to  the  individual  is  preferred  for 
facial  and  respiratory  protection.  Alternatively,  a  half-face 
air-purifying  respirator  with  removable  HEPA  cartridges 
that  is  approved  by  the  National  Institute  of  Occupational 
Safety  and  Health  (NIOSH)/Mine  Safety  Health  Adminis¬ 
tration  (MSHA)  for  respiratory  protection  against  dusts  that 
is  fit-tested  to  the  individual  using  the  respirator  can  also  be 
used.  The  respirator  is  re-usable  and  should  be  thoroughly 
wiped  with  1%  bleach  solution  then  washed  with  detergent 
after  each  use;  wipes  must  be  disposed  of  in  the  hazardous 
waste  container.  Splash-proof  goggles  and  double-layered 
nitrile  under  latex  gloves  complete  the  PPE  attire.  All  items 
comprising  the  PPE  attire  can  be  obtained  from  a  large 
general  laboratory  supply  company.  The  office  of  environ¬ 
mental  health  and  safety  in  any  Institution  where  MPTP  is  to 
be  used  must  be  consulted  for  guidance  in  obtaining  PPE 
attire  for  use  with  MPTP, 

Housing 

For  small  animals  such  as  mice,  disposable  cages  and 
accessories  are  strongly  recommended  as  they  permit 
incineration  of  waste  without  bedding  changes.  Covering 
cages  with  filter  bonnets  is  recommended  to  significantly 
reduce  both  room  contamination  and  cross  contamination  of 
other  animals.  Small  animal  cages  should  be  placed  on  the 
animal  rack  in  the  procedure  room  prior  to  and  during  the 
five-day  period  post-MPTP  injection.  All  injections  must  be 
performed  in  the  fume  hood  in  the  procedure  room. 

For  large  animals  such  as  monkeys,  enclosed  cages  should 
be  used.  The  base  of  the  cage  and  the  drop  pan  must  be  lined 
with  plastic-backed  absorbent  pads, 

MPTP  storage  and  handling 

MPTP  can  be  purchased  from  several  commercial  sources. 
Unless  specifically  required,  do  not  use  MPTP  as  the  free 
base,  but  only  as  the  hydrochloride  or  other  non-volatile  salt 
conjugate,  MPTP  storage  and  handling  must  be  restricted  to 
the  procedure  room  or  designated  area  within  the  animal 
room.  Minimize  the  use  of  large  volumes,  concentrated 
solutions,  and  handling  of  MPTP  powder  and  never 
transport  MPTP  solutions  or  opened  vials  of  MPTP  outside 
of  the  dedicated  room,  MPTP  may  be  purchased  in  small 
quantities  of  10  mg  or  100  mg  in  glass  septum  bottles.  Vials 


of  MPTP  must  be  kept  closed  until  used  and  stored  at  room 
temperature  in  a  container  within  a  vacuum-sealed 
desiccated  container.  This  second  container  should  be 
kept  in  a  locked  cabinet  with  a  permanently  affixed 
‘MPTP  —  Neurotoxin'  label.  This  cabinet  must  be  secured 
to  a  non-removable  surface  in  the  procedure  room  or  area. 

Only  investigators  appropriately  trained  in  the  handling  of 
MPTP  should  perform  manipulations  involving  the  powder. 
Use  of  glass  containers  will  reduce  handling  problems  that 
result  from  the  electrostatic  properties  of  plastic.  It  is 
strongly  recommended  that  a  balance  dedicated  to  weigh 
MPTP  powder  be  kept  in  the  procedure  room.  Prior  to 
weighing  MPTP  powder,  cover  the  weighing  area  with  pads 
dampened  with  1%  bleach  solution  to  reduce  the  risk  of 
airborne  MPTP  powder  particles.  To  minimize  the  risk  of 
MPTP  powder  spills,  the  weighing  procedure  described  by 
Pitts  et  aL  (1986)  is  a  safe  method:  tare  a  small  container 
(e,g.  small  scintillation  glass  vial  with  a  screw  cap);  take  the 
tared  container  and  place  an  approximated  amount  of  MPTP 
in  it,  close  and  wipe  container  with  1%  bleach  solution; 
weigh  container;  then  add  solvent  to  give  desired  concen¬ 
tration;  again  wipe  container  and  all  other  items  with  1% 
bleach  solution;  dispose  of  all  wastes  in  a  hazardous  waste 
container.  Alternatively,  if  a  given  experiment  requires  a 
total  daily  dose  of  less  than  10  mg  or  100  mg  of  MPTP,  then 
it  is  safer  not  to  open  the  vial  and  weigh  the  powder  but  to 
add  the  desired  volume  of  solvent/vehicle  directly  to  the 
sealed  10  mg  or  100  mg  vial.  It  must  be  understood  that  this 
MPTP  solution  has  to  be  used  in  one  day  and  the  remainder 
discarded  since  MPTP  in  solution  oxidizes  at  room 
temperature;  prior  to  discarding  the  used  MPTP  sealed 
vial,  inject  a  volume  of  1%  bleach  solution  equivalent  to  the 
volume  of  MPTP  solution  remaining  into  the  vial,  then 
discard  the  vial  as  biohazardous  liquid  waste.  We  previously 
found  that  storing  MPTP  solution  at  —  80°C  retards  its 
oxidation  as  MPTP  solution  appears  stable  up  to  2  months 
(personal  observation).  However,  unless  one  has  a  dedicated 
— 80°C  freezer  for  MPTP  storage,  other  issues  such  as 
laboratory  safety  will  arise  and  that  even  without  mention¬ 
ing  the  negative  impact  of  thawing  and  freezing  of  MPTP 
solution  on  its  neurotoxic  potency. 

Animals  should  be  injected  only  with  sterile  solutions  of 
MPTP  prepared  by  either  filtration  through  a  disposable 
0.22  |xm  filter  unit  or  by  dissolving  the  compound  in  sterile 
saline  or  water.  Do  not  autoclave  MPTP  solutions,  as  this 
will  vaporize  the  compound  and  may  lead  to  exposure  from 
inhalation. 

Injection  of  MPTP 

As  mentioned  above,  a  number  of  different  injection 
regimens  have  been  used  to  produce  the  desired  MPTP 
lesions.  These  are  based  on  a  number  of  factors,  including 
experimental  design,  degree  of  desired  lesion,  and  species 
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used.  As  indicated,  mice,  which  typically  require  greater 
amounts  of  MPTP  to  produce  lesions,  can  be  injected  either 
subcutaneously  or  intraperitoneally,  single  or  multiple 
injection,  and  with  a  wide  range  of  concentrations. 
Whatever  the  regimen  used,  it  is  recommended  that  all 
MPTP  injections  to  mice  be  performed  in  a  fume  hood. 
Vials  from  which  MPTP  is  drawn  should  have  a  septum  or 
be  covered  with  parfilm  to  eliminate  potential  aerosols  and 
spills  and  to  avoid  drops  on  the  needle  end.  Change  gloves 
frequently  during  the  course  of  and  at  the  end  of  the 
injection  schedule.  This  will  prevent  any  contamination  of 
the  PPE  and  decrease  the  possibility  of  overt  contamination 
of  equipment. 

On  the  day  of  or  on  the  evening  before  the  experiment,  all 
animals  are  weighed  and  coded.  About  a  half-hour  before 
starting  the  injection  schedule,  sterile  MPTP  solution  should 
be  prepared  to  the  desired  working  concentration.  During 
animal  injection,  care  must  be  taken  to  avoid  self¬ 
inoculation;  special  attention  to  animal  restraint  will 
significantly  reduce  this  risk.  For  injection,  place  the 
mouse  cage  in  the  fume  hood  and  when  injecting,  hold  the 
animal  so  that  any  urine  spray  will  fall  into  the  cage  and  not 
on  the  surrounding  areas,  since  mice,  when  held,  tend  to 
expel  urine  which  can  contain  significant  amounts  of  MPTP 
(Yang  et  al  1988).  Make  sure  the  mouse  is  not  held  so 
tightly  as  to  cause  backflow  of  the  injected  MPTP  from  the 
peritoneum.  Larger  animals  such  as  squirrel  monkeys  must 
be  placed  in  restrainers  for  injection.  It  is  not  practical  to 
inject  large  animals  in  a  fume  hood.  Inspect  injection  site  for 
leakage  or  spilled  solution  and  wipe  with  a  small  pad 
dampened  with  1%  bleach  solution.  When  discarding 
syringes,  do  not  clip,  recap  or  remove  needles  from  syringes; 
fill  the  syringe  with  1%  bleach  solution  and  then  place  the 
syringe  with  attached  needle  in  a  sharps  container  to  be 
disposed  of  as  biohazardous  waste.  At  the  end  of  the 
injection  schedule,  the  remaining  MPTP  solution  must  be 
destroyed  with  an  equivalent  volume  of  1%  bleach  solution 
as  described  above. 

Cage  changing 

The  greatest  potential  for  exposure  to  MPTP  and  its 
metabolites  is  from  contaminated  bedding  and  caging 
immediately  following  MPTP  injection  and  during  the 
period  that  MPTP  or  its  metabolites  are  likely  to  be  in  the 
excreta  of  treated  animals.  Therefore,  when  handling  cages 
and  their  contents,  it  is  important  that  the  PPE  be  worn. 

Used  disposable  mouse  cages  containing  contaminated 
bedding  should  be  dampened  with  1%  bleach  solution  and 
then  be  carefully  placed  into  a  plastic  biohazard  bag,  tied 
off,  and  sent  for  incineration.  When  using  re-usable  cages, 
bedding  should  also  be  dampened  with  1%  bleach  solution, 
then  carefully  placed  in  the  biohazard  bag,  packaged  and 
disposed  of  as  biohazardous  waste.  Immediately  after 


emptying  re-usable  cages,  soak  cages  and  accessories  with 
1%  bleach  solution  for  10  min,  rinse,  then  wash  with 
detergent  and  rinse  thoroughly  with  water.  Mouse  cages 
may  then  be  sent  to  central  cage  washing  facilities.  The 
absorbent  material  that  covered  the  rack  surfaces  should  be 
sprayed  with  1%  bleach  solution,  allow  to  soak  for  10  min 
and  then  disposed  of  as  hazardous  waste.  For  large  animal 
cages,  spray  plastic-backed  absorbent  pads  that  line  the  cage 
bottoms  and  drop  pans  with  1%  bleach  solution,  allow  to 
soak  for  10  min,  then  remove  pads  and  place  them  in  the 
biohazardous  waste  container;  replace  used  linings  with 
fresh  pads.  This  needs  to  be  done  on  a  daily  basis.  Wash 
cages  and  accessories  thoroughly  with  1%  bleach  solution, 
rinse,  then  wash  with  detergent  and  rinse  thoroughly  with 
water.  The  procedure  described  above  assumes  that  MPTP- 
injected  animals  remain  in  the  same  cage  for  5  days 
postinjection  and  change  out  should  occur  only  after  the 
5  days  postinjection  period.  In  the  case  of  prolonged  MPTP 
exposure  protocols  (i.e.  weeks  to  months),  while  the 
procedure  room  or  area  will  remain  off-limits  throughout 
the  treatment  period  (plus  the  five  days  postinjection 
period),  for  mice,  change  only  cage  bottoms  once  a  week 
following  the  procedure  described  above  and,  for  monkeys, 
it  is  advisable  to  move  monkeys  to  clean  cages  every  other 
week  and  to  handle  the  dirty  cages  as  described  above. 

Counter  tops  in  the  procedure  room  or  area  should  be 
cleaned  with  1%  bleach  solution.  Floor  coverings  should  be 
carefully  removed  and  disposed  of  as  hazardous  waste. 
Routine  animal  care  can  be  re-instituted  five  days  post  last 
MPTP  injection  and  once  the  procedure  room  or  area  has 
been  cleaned  by  the  responsible  investigator  and/or  staff 
member. 


Animal  tissues 

Potential  risk  of  exposure  to  MPTP  or  MPP+  may  occur 
when  animals  are  killed  for  tissue  collection  up  to  5  days 
following  MPTP  administration.  During  this  period,  mice 
should  be  killed  in  the  fume  hood  and  the  appropriate  PPE 
worn  by  the  researcher  during  blood  and  tissue  harvesting 
procedures.  All  working  surfaces  are  lined  with  plastic- 
backed  absorbent  pads,  which  should  be  changed  if  stained 
with  body  fluids.  Since  decapitation  is  the  primary  method 
of  killing  for  small  animals  in  MPTP  studies,  care  should  be 
taken  to  prevent  blood  spatters,  and  urine  and  feces  should 
be  contained.  Brain  tissues  are  best  dissected  on  an  inverted 
glass  Petri  dish  covered  with  water-dampened  filter  paper 
and  placed  on  regular  ice.  All  instruments,  including  the 
Petri  dish  used  for  dissection,  should  be  soaked  in  1% 
bleach  solution  for  10  min,  rinsed,  then  washed  with 
detergent  and  rinsed  with  water.  Collected  tissues  should 
always  be  handled  with  double  gloves,  and  brain  remnants 
and  the  remaining  carcass,  which  may  contain  MPTP  and 
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Fig,  1  Time-dependent  effect  of  1%  bleach  solution  on  MPTP,  A  5- 
mg/mL  of  MPTP-HC!  solution  in  saline  was  incubated  at  room  tem¬ 
perature  for  different  lengths  of  time  with  1  volume  (v/v)  of  1% 
bleach  (sodium  hypochlorite)  solution  in  water.  After  the  indicated 
time  of  incubation,  an  aliquot  of  the  mixture  was  injected  into  an 
HPLC-UV  system  and  MPTP  levels  were  quantified  as  described 
(Przedborski  etal  1996), 


metabolites  (Yang  et  at  1988),  must  be  discarded  following 
biohazardous  waste  practices  for  animal  waste. 

For  the  perfusion  of  small  animals,  a  grid  overlaying  a 
collection  pan  works  best.  Thus,  blood  and  perfusion 
solution  will  be  collected  in  the  pan  and  can  then  be  poured 
into  a  bottle  or  can  be  discarded  as  biohazardous  waste.  As 
per  proper  biohazardous  waste  disposal,  the  outside  of  the 
waste  container  must  be  wiped  with  1%  bleach  solution. 

For  the  perfusion  of  large  animals,  plastic  tubing  should 
be  attached  to  the  drain  of  the  dissection  table  and  a  liquid 
biohazard  waste  container.  This  will  catch  any  perfusion 
solution  and  prevent  contamination  of  the  water  system.  The 
collected  perfusate  will  be  discarded  as  biohazardous  waste. 
After  the  perfusion  procedure,  the  table  must  be  washed 
with  1%  bleach  solution,  rinsed,  then  washed  with  detergent 
and  rinsed  with  water. 


Decontamination,  cleaning,  and  disposal 

Often,  one  may  see  that  0.1  m  HC1  is  used  for  cleaning  up 
following  MPTP  experiments.  However,  we  have  HPLC 
evidence  showing  that  HC1,  up  to  2  m  and  after  incubation 
for  more  than  1  h  at  room  temperature,  does  not  destroy 
MPTP  at  all.  Conversely,  a  5%  potassium  permanganate 
solution  in  water  completely  destroys  MPTP  almost 
immediately.  However,  since  potassium  permanganate  is 
such  a  powerful  oxidant,  it  can  produce  hazardous 
exothermic  reactions  with  several  compounds  like  deter¬ 
gents  and  must  be  neutralized  with  ascorbic  acid  prior  to 
being  discarded  as  non-toxic  waste.  We  have  also  found  that 
bleach  is  as  efficient  as  potassium  permanganate  in 
destroying  MPTP,  yet  more  friendly  to  use  as  it  does  not 


cause  dangerous  reactions  with  detergents  and  does  not 
require  specific  treatment  prior  to  discarding.  Bleach  is 
commercially  available  as  a  5-10%  stock  solution.  It  can  be 
readily  diluted  to  the  desired  concentration  with  water  and 
kept  at  room  temperature  indefinitely.  Using  a  1%  bleach 
solution  in  water,  which  corresponds  to  twice  the  Environ¬ 
mental  Protection  Agency  (EPA)  recommended  concen¬ 
tration  for  disinfection,  we  found  that  the  action  of  bleach  on 
5  mg/mL  of  MPTP-HC1  in  saline  is  rapid  in  that  after 
5  min,  at  room  temperature,  there  is  no  longer  any 
detectable  MPTP  (Fig.  1).  The  ‘almost’  instantaneous 
destruction  of  MPTP  by  the  bleach  solution,  as  illustrated 
in  Fig.  1,  is  not  a  surprising  finding  since  the  bleach- 
mediated  reaction  corresponds  not  to  an  enzymatic  reaction 
but  to  a  straight  biochemical  oxidation.  In  addition,  we 
found  that  10  min  incubation  of  5  mg/mL  MPTP-HC1  with 
different  concentration  of  bleach  solutions,  ranging  from  0.5 
to  2.5%,  had  similar  effects  on  MPTP.  Therefore,  our 
recommendation  for  MPTP  decontamination  is  10  min  of 
soaking  in  1%  bleach  solution.  In  contrast  to  their  effects  on 
MPTP,  neither  2.5%  bleach  solution  nor  5%  potassium- 
permanganate  destroyed  MPP+,  even  after  an  overnight 
incubation.  This  is  not  surprising,  as  MPP+  is  notoriously 
stable  and  resists  destruction  even  after  exposure  to 
extremely  harsh  chemical  and  physical  treatments.  High 
doses  of  MPP+  administered  systemically  (i.e.  25  mg/kg 
intraperitoneal)  to  mice  produce  oxidative  damage  to  the 
lung,  but  fail  to  affect  the  nervous  system  (Johannessen  et  at 
1985),  This  is  consistent  with  our  observation  that  the 
intraperitoneal  or  subcutaneous  injection  of  different  doses 
of  radiolabeled  and  non-radiolabeled  MPP+  to  mice  failed 
to  show  any  accumulation  of  radioactivity  in  the  striatum  or 
to  produce  any  damage  to  the  dopaminergic  systems  of  the 
brain  (unpublished  observation).  Nevertheless,  the  direct 
injection  of  MPP+  into  the  striatum  does  produce  dopami¬ 
nergic  neurotoxicity  (Giovanni  et  at  1994b).  These  data 
indicate  that  the  work-related  hazards  of  MPP+  involve 
peripheral  organs  such  as  the  lungs  and  then  only  if  high 
amounts  teach  the  blood  stream  or  the  respiratory  tract. 
Therefore,  MPP+  is  far  less  hazardous  than  its  parent 
compound  and  thus  the  real  safety  goal  is  the  destruction  of 
MPTP. 

Only  investigators  appropriately  trained  in  the  handling  of 
MPTP  should  clean  up  spills.  Prior  to  any  decontamination 
procedure,  determine  the  maximum  quantity  of  MPTP 
involved  in  the  spill  and  the  location  of  the  spill. 

If  the  room  is  properly  maintained  as  stated  above,  linings 
and  underpads  will  catch  any  spills.  In  case  a  liquid  spill 
does  occur,  wearing  the  PPE,  the  researcher  should 
immediately  spray  the  linings  and  underpads  with  1% 
bleach  solution,  allow  to  soak  for  10  min,  then  remove,  and 
place  these  in  hazardous  waste  disposal  bags.  In  the  event 
that  pads  and  linings  have  not  caught  all  of  the  spill,  absorb 
MPTP  spill  with  absorbent  plastic-backed  pads  to  prevent 
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MPTP  solution  from  contaminating  gloves  and  discard  as 
hazardous  waste.  The  dry  area  is  then  soaked  with  1% 
bleach  solution,  rinsed  with  water,  then  washed  several 
times  with  detergent,  rinsed  with  water,  and  dried  with  pads. 
Discard  these  materials  in  hazardous  waste  bags  as  well. 
.Recover  work  area  and  inform  the  environmental  health  and 
safety  office  that  an  MPTP  spill  has  occured  and  what 
measures  were  used  to  remove  that  spill. 

To  clean  up  MPTP  powder  spills,  cover  with  a  disposable 
towel  dampened  with  1%  bleach  solution,  then  pick  up  all 
materials  and  put  into  a  hazardous  waste  container.  Then, 
soak  the  area  with  1%  bleach  solution,  rinse  with  water,  then 
wash  several  times  with  detergent,  rinse  with  water,  and  dry 
with  pads.  Discard  these  materials  in  hazardous  waste  bags. 
Recover  area,  then  inform  the  environmental  health  and 
safety  office  that  a  MPTP  powder  spill  has  occured  and  what 
measures  were  taken  to  contain  and  clean  up  the  powder 
spill. 

If  clothes  become  contaminated  with  MPTP,  immediately 
remove  clothing  and  shower.  After  obtaining  fresh  clothing, 
report  directly  to  a  medical  service.  A  very  careful 
evaluation  of  any  potential  MPTP  exposure  is  critical  (see 
medical  emergency  and  surveillance).  Persons  assisting 
exposed  individuals  should  wear  the  PPE  attire. 

Plan  experiments  to  avoid  generating  large  quantities  of 
contaminated  glass  or  metal;  these  materials  are  difficult  to 
incinerate,  and  large  quantities  can  create  waste  disposal 
problems.  Contaminated  glass  and  metal  can  be  decontamin¬ 
ated  using  1%  bleach  solution  followed  by  detergent  washes 
and  rinses.  Decontaminate  all  equipment  with  wipes 
dampened  with  1%  bleach  solution  before  repair  work  is 
performed,  before  transferring  equipment  to  other  opera¬ 
tions,  and  before  discarding.  Pay  special  attention  to  internal 
parts  of  equipment  that  may  have  become  contaminated. 

Prevention,  medical  emergency  and  surveillance 

To  date,  there  has  been  no  report  in  the  literature  of  the 
inadvertent  exposure  of  a  researcher  to  MPTP  while 
conducting  MPTP  experiments.  A  single  report  of  a  research 
chemist  who  suffered  a  fatal  exposure  to  large  amounts  of 
MPTP  during  its  synthesis  has  been  documented  and 
represents  the  only  inadvertent  human  exposure  to  MPTP 
(Langston  and  Ballard  1983).  However,  despite  the  safe 
track  record  of  MPTP  use,  precautionary  emergency 
procedures  must  be  employed  to  avoid  potential  injury 
from  acute  exposure  to  the  toxin  (such  as  a  needle  prick). 

As  indicated  above,  MAO-B  inhibitors  prevent  the 
conversion  of  MPTP  to  its  toxic  metabolite,  MPP+  thereby 
preventing  neurotoxicity.  For  example,  pretreatment  of 
animals  with  deprenyl,  a  potent  irreversible  MAO-B 
inhibitor  prevents  MPTP-induced  neurotoxicity  (Cohen 
et  al  1984;  Mytilineou  and  Cohen  1985;  Fuller  et  al. 
1988).  On  the  other  hand,  except  for  a  single  report  (Tatton 


1993),  there  is  no  evidence  that  MAO-B  inhibition  by 
deprenyl  or  by  other  compounds,  following  exposure  to 
MPTP  provides  any  neuroprotection.  However,  in  case  of 
accidental  exposure  to  MPTP,  in  an  attempt  to  block  the 
conversion  of  any  remaining  MPTP  to  MPP+  it  is 
recommended  that  deprenyl  be  administered  immediately. 
As  far  as  we  know,  there  is  no  established  deprenyl  regimen 
for  accidental  exposure  to  MPTP.  Since  the  goal  here  is  to 
prevent  the  conversion  of  MPTP  by  inhibiting  MAO-B,  as 
rapidly  and  profoundly  as  possible,  we  suggest  an  initial 
large  dose  of  deprenyl  (e.g.  four  5  mg  tablets)  be  taken 
orally  at  once.  Although  it  may  be  prudent  to  continue 
deprenyl  medication  (e.g.  5  mg  twice  a  day)  for  some  time, 
it  is  unknown  whether  this  is  justified.  Short-term  surveil¬ 
lance  is  necessary  for  the  appearance  of  hypotension  from 
the  deprenyl  or  the  development  of  acute  parkinsonian 
symptoms  from  the  MPTP  exposure.  In  addition,  following 
the  administration  of  a  large  dose  of  deprenyl,  individuals 
must  be  cautious  in  consuming  tyramine-containing  foods 
(i.e.  cheese)  and  in  taking  medications  containing  pharma¬ 
cologically  active  amines.  Prior  to  beginning  any  MPTP 
investigation,  deprenyl  must  be  available  for  emergency  use 
and  must  be  kept  in  a  closed  container  at  all  times  in  the 
procedure  room  or  area  for  immediate  use,  if  necessary. 
Furthermore,  it  is  advisable  that  individuals  who  are 
planning  to  embark  upon  a  series  of  MPTP  experiments 
consider  a  treatment  of  5  mg  twice  a  day  of  deprenyl  prior  to 
(e.g.  3-5  days  before)  and  during  the  experiments.  This  may 
be  especially  indicated  for  a  person  first  learning  the 
protocol  or  if  there  is  an  increased  risk  of  contact  with 
MPTP.  This  should  be  done  only  after  consulting  one’s 
personal  physician. 

Conclusion 

To  date,  MPTP  remains  the  best  experimental  model  of  PD. 
To  this  end,  it  is  extensively  used  in  various  animal  species 
and  especially  in  mice.  However,  even  as  a  research  tool, 
MPTP  is  an  extremely  hazardous  compound,  which  can  be 
injected,  ingested,  inhaled,  and/or  absorbed.  Because  of  its 
demonstrated  toxicity  to  humans,  the  use  of  MPTP  among 
researchers  is  a  serious  concern.  Over  the  years,  a  better 
understanding  of  the  physicochemical  properties  of  this 
toxin,  its  metabolism,  and  its  body  distribution  has  enabled 
investigators  to  develop  practices  and  procedures  for  the 
safe  use  of  this  compound.  These  include  improved 
procedures  for  preparing  MPTP  solutions  and  for  its 
injection  into  animals,  proper  protective  equipment,  redu¬ 
cing  potential  exposure  from  animal  excreta,  proper 
decontamination  and  disposal  procedures,  and  medical 
treatment  and  surveillance  in  case  of  accidental  exposure. 
Despite  the  fact  that  we  have  tried  to  cover  the  most 
common  situations  and  topics  related  to  MPTP  use,  this 
review  cannot  cover  all  possible  aspects  of  the  safe  use  of 
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this  hazardous  compound.  Accordingly,  there  can  be  no 
substitute  for  common  sense  and  proper  laboratory  practices 
in  the  use  of  dangerous  compounds  such  as  MPTP.  It  is 
hoped,  however,  that  this  review  has  built  upon  the 
guidelines  presented  by  others  in  the  past  and,  in  conjunc¬ 
tion  with  our  recent  knowledge  of  MPTP,  will  lead  to  the 
effective  and  safe  use  of  the  MPTP  animal  model  of  PD. 
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Editorial 


A  recent  estimate  suggests  that  the  number  of  people  over 
65  years-of-age  in  the  USA  will  double  between  now  and 
the  year  2050,  Clearly  our  population  is  aging,  and  aging 
brings  with  it  the  increased  likelihood  of  neurodegenera¬ 
tive  disease  (ND).  As  a  consequence,  one  of  the  great 
challenges  of  biomedical  research  will  be  to  develop  suc¬ 
cessful  therapeutic  strategies  to  enable  us  to  enjoy  our  old 
age  -  not  just  to  live  longer,  but  to  live  longer  in  health. 

The  field  of  NDs  is  too  vast  to  be  able  to  cover  each 
and  every  topic  in  this  special  issue,  but  our  aim  was  to 
discuss  important  recent  advances  and  highlight  some  of 
the  more  encouraging  therapeutic  approaches. 

Protein  accumulation  and  potential 
therapeutic  targets 

The  most  common  forms  of  age-related  NDs  are 
Alzheimer’s  disease  (AD)  and  Parkinsons  disease  (PD), 
and  both  are  characterized  by  abnormal  protein  aggre¬ 
gation.  AD  is  characterized  by  the  formation  of  Ap-con- 
taining  plaques,  which  involves  y-secretase  cleavage  of  a 
precursor  protein.  The  identity  of  this  enzyme  is  currently 
uncertain,  but  presenilins  are  popular  candidates.  On 
pages  S2— S6,  Sangram  Sisodia  discusses  the  evidence  for 
and  against  presenillins,  and  describes  how  their  role  in 
the  CNS  is  more  complex  than  we  originally  thought. 

An  important  question  is  why  these  toxic  proteins 
accumulate  -  why  are  they  not  eliminated?  It  is  emerg¬ 
ing  that  an  overwhelmed  ubiquitin-dependent  proteoly¬ 
sis  system  might  well  be  responsible,  as  described  by  Ted 
Dawson  (pages  S7-S14). 

Insights  from  molecular  analysis 

Clearly  many  NDs  involve  both  genetic  and  environmental 
factors,  and  transgenic  animals  are  one  of  the  most  widely 
used  methods  for  studying  genetic  mutations  and  their 
pathological  effects.  Serge  Przedborski  outlines  the  major 
areas  of  progress  resulting  from  the  numerous  animal  mod¬ 
els  of  Parkinsons  disease,  in  which  some  of  the  more 
detailed  aspects  of  the  disease  are  revealed  (pages  S49-S55). 

Two  other  NDs  for  which  the  molecular  basis  is 
beginning  to  emerge  are  Huntington  s  disease  (HD)  and 
amy trophic  lateral  sclerosis  (ALS),  a  progressive  ND  of 
motor  neurons.  HD  is  characterized  by  a  CAG  expansion 
that  encodes  a  polyglutamine  tract,  which  results  in  pro¬ 
gressive  protein  accumulation.  Cynthia  McMurray  s  pio¬ 
neering  work  in  discovering  the  mechanism  by  which  the 
CAG  expansion  occurs  (see  pages  S32-S38)  offers  a  new 
potential  therapeutic  target  with  implications  beyond  HD 


itself.  And  on  pages  S15-S20,  Joe  Beckman  explains  how 
zinc  deficiency  in  the  superoxide  dismutase  enzyme 
might  underlie  most,  if  not  all,  cases  of  ALS. 

Repair  strategies 

What  is  the  best  way  to  target  the  genetic  abnormalities 
when  we  become  aware  of  them?  Antisense  technology 
might  be  one  solution,  and  despite  shaky  beginnings  the 
continued  commitment  to  research  into  this  approach  is 
beginning  to  yield  results.  The  efforts  to  reduce  toxicity 
and  improve  specificity  and  efficacy  have  resulted  in  a 
gene  therapy  approach  with  real  promise.  The  potential  of 
this  approach,  applied  specifically  to  neurons,  is  discussed 
by  Peter  Estebeiro  on  pages  S56-S62, 

It  is  hoped  that  a  greater  understanding  of  ND  will  lead 
to  new  therapies;  however,  one  of  the  most  exciting  new 
approaches  to  AD  treatment  has  resulted  from  the  serendip¬ 
itous  observation  that  patients  treated  with  cholesterol- 
biosynthesis  inhibitors  had  a  lower  incidence  of  AD,  Tobias 
Hartmann  describes  the  subsequent  clinical  trials  of  these 
drugs  as  a  primary  therapy  for  AD  and  the  highly  encour¬ 
aging  results  that  have  been  obtained  (see  pages  S45-S48). 

Although  halting  the  progress  of  an  ND  is  good, 
reversing  the  pathology  of  the  disease  is  better,  and  after 
decades  of  research,  some  genuinely  exciting  approaches 
are  beginning  to  emerge.  Multiple  sclerosis,  a  demyeli- 
nating  disease  that  affects  the  peripheral  nervous  system 
(as  well  as  the  CNS)  is  a  complex  disease  involving  abnor¬ 
mal  interplay  between  the  Immune  and  nervous  systems. 
On  pages  S3  9— S44,  Moses  Rodriguez  describes  how  it 
might  be  possible  to  activate  selectively  the  endogenous 
repair  mechanisms  that  stimulate  remyelination. 

Normal  and  abnormal  aging  -  is  there 
anything  we  can  do? 

There  is  certainly  no  panacea  to  the  manifest  problems  of 
neurodegeneration,  but  in  their  fascinating  article,  Tom 
Prolla  and  Mark  Mattson  discuss  the  surprisingly  dramat¬ 
ic  effects  observed  in  rats  fed  on  a  diet  where  the  energy 
intake  is  70%  of  normal  (see  pages  S21-S31).  These  ani¬ 
mals  have  vastly  improved  lifespans,  retain  the  physiology 
of  young  animals  for  longer  and  might  have  increased 
resistance  to  ND;  an  interesting  irony  given  the  rising  lev¬ 
els  of  obesity  in  modern  society. 

And  so  I  hope  you  will  enjoy  the  articles  in  this  spe¬ 
cial  issue,  and  please  remember  to  visit  Trends  in  Neurosdences 
regularly  for  its  continued  coverage  of  this  field  and 
fresh  insights  into  research  advances  as  they  occur. 


Sian  Lewis 

Editor, 

Trends  in  Neurosciences 
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Y^Secretase:  never  more  enigmatic 

Sangram  S.  Sisodia,  Wim  Annaert,  Seong-Hun  Kim 
and  Bart  De  Strooper 

it  is  widely  believed  that  the  pathogenesis  of  Alzheimer’s  disease  (AD)  is  intimately,  if 
not  causatively,  associated  with  the  deposition  of  ~4  kDa  p-amyloid  (Ap)  peptides  in 
the  cerebral  cortex  and  hippocampus  of  affected  individuals.  Ap  peptides  are  liberated 
from  transmembrane  proteins,  termed  p-amyloid  precursor  proteins  (APP),  by  the 
concerted  action  of  p-  and  y-secretase(s).  Whereas  the  identity  of  p-secretase  is  no 
longer  in  question,  the  identity  of  y-secretase,  which  is  responsible  for  the 
intramembranous  processing  of  APP,  has  never  been  more  enigmatic.  Considerable 
evidence  has  accrued  to  impugn  the  presenilins  (PS)  as  the  executioners  of 
intramembranous  processing  of  APP.  Here,  we  summarize  these  observations  and 
review  recent  evidence  that  argues  against  the  prevailing  hypothesis  that  PS  function 
as  y-secretases. 
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Alzheimer’s  disease  (AD),  the  most  common  cause  of 
dementia  in  the  elderly  is  a  progressive  neurodegenerative 
disease  associated  with  impairments  in  cognition  and 
memory.  AD  is  associated  with  several  risk  factors,  includ¬ 
ing  age  and  inheritance.  The  majority  of  early-onset  cases 
of  AD  are  familial  (FAD)  and  are  inherited  as  autosomal 
dominant  disorders;  mutations  in  genes  encoding  hom¬ 
ologous,  polytopic  membranes,  termed  presenilin  1  (PS  1 ) 
and  presenilin  2  (PS2),  and  the  type  I  membrane  protein, 
amyloid  precursor  protein  (APP) ,  cosegregate  with  affect¬ 
ed  members  of  FAD  pedigrees1.  In  all  cases,  expression  of 
mutant  PS1 ,  PS2  or  APP  leads  to  the  enhanced  production 
of  highly  fibrillogenic  Ap42  peptides,  which  are  deposited 
selectively  in  senile  plaques  in  the  amygdala,  hippo¬ 
campus  and  neocortex.  Ap  peptides  are  liberated  from  APP 
by  the  concerted  action  of  proteolytic  enzymes  termed 
p-and  y-secretases.  A  membrane-tethered,  aspartyl  pro¬ 
tease  called  BACE1  is  certainly  responsible  for  generating 
the  amino-terminus  of  AP  peptides  (reviewed  in  Ref.  2) . 
However,  the  identity  of  y-secretase,  which  catalyzes  the 
hydrolysis  of  APP  within  its  transmembrane  segment,  has 
been  an  enigma.  This  review  highlights  the  salient  obser¬ 
vations  that  have  lent  support  for  the  notion  that  PS  are 
y-secretase,  and  offers  alternative  models  for  PS  function 

01 66-2236/01  /$  -  see  front  matter  ©2001  Elsevier  Science  Ltd.  All  rights  reserve 


that  are  inconsistent  with  a  direct  mode  of  action  of  these 
polypeptides  as  the  catalytic  entities  involved  in 
intramembranous  proteolysis  of  APP  and  Notch  1 . 

PS:  a  primer 

PS  and  their  Caenorhabditis  elegans  homologs,  SEL-12  and 
HOP-1  (Refs  3,4),  are  polytopic  membrane  proteins  that 
accumulate  -27-30 -kDa  N-terminal  fragments  (PS-NTFs) 
and  -16-20 -kDa  C-terminal  fragments  (PS-CTFs)  deriva¬ 
tives  (see  Ref.  5  for  review).  The  accumulation  of  PS-NTFs 
and  PS-CTFs  is  highly  regulated  and  saturable  (that  is,  the 
levels  cannot  exceed  endogenous  levels)5,  but  the  compo¬ 
nents  of  the  apparatus  responsible  for  establishing  PS  lev¬ 
els  have  not  yet  been  determined.  Nevertheless,  the 
PS-NTF  and  PS-CTF  remain  associated  in  high  molecular 
weight  complexes  that  range  from  ~  100-1 50  kDa 
(Refs  6,7)  to  >2  X  106  Da  (Ref.  8). These  polypeptides  are 
found  predominantly  in  the  endoplasmic  reticulum  (ER) 
and  in  ER-Golgi  transitional  compartments  (ERGIC)9’11. 

PS  as  y-secretase:  setting  the  scene 

The  first  act:  APP  and  pathogenic  Ap  peptides 

The  demonstration  that  FAD-linked  PS  I  or  PS2  alter  APP 
processing  in  a  manner  that  leads  to  elevated  production 

j.  Pit:  S0 166-2236(00)01 987-1  http://tronds.com 
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of  highly  fibrillogenic  Ap42  peptides  (reviewed  in  Ref,  1) 
provided  the  first  hint  of  a  role  for  PS  in  y-secretase  pro¬ 
cessing  of  APP.  However,  the  requirement  of  PS  in 
intramembranous  y-secretase  processing  of  APP  was  not 
fully  appreciated  until  the  discovery  that  cells  with  a 
genetic  ablation  of  PS  1  (Refs  12,13)  or  cells  with  com¬ 
pound  ablation  of  both  PS1  and  PS2  (Refs  14,15)  exhibit 
marked  reduction,  or  complete  loss,  of  Ap  peptide 
production,  respectively  In  parallel,  intracellular  accumu¬ 
lation  of  a-  and  P-secretase-generated  APP  carboxyl- 
terminal  fragments  (APP-CTFs)  (Refs  12-15)  in  these  set¬ 
tings  led  to  the  inescapable  conclusion  that  the  mem¬ 
brane-tethered  APP-CTFs  are  the  penultimate  precursors 
of  Ap  peptides  and  that  PS  are  essential  mediator(s)  of  the 
y-secretase  processing  event. 

The  second  act:  Notchl  and  NICD 

In  what  must  be  viewed  as  a  pure  stroke  of  scientific 
serendipity,  genetic  epistasis  studies  of  the  C.  elepis  and 
Drosophila  melanogaster  PS  homologs,  and  phenotypic  analysis 
of  PS-deficient  mice  (see  Ref  16  for  review),  strongly 
suggest  that  PS  plays  a  crucial  role  in  facilitating  develop¬ 
mental  signaling  of  the  lin!2/glpl /Notchl  family 
of  receptors.  Notchl  is  subject  to  proteolytic  processing 
reactions  not  dissimilar  to  APP:  plasma-membrane-associ¬ 
ated  Notchl  species  are  first  cleaved  within  the 
ectodomain  by  a  disintegrin  and  metalloprotease  domain 
(ADAM) -like  protease,  and  subsequendy  processed  by  a 
y-secretase-like  activity  within  the  transmembrane  seg¬ 
ment.  The  latter  reaction  liberates  a  cytoplasmic  Notchl 
derivative  called  Notch  intracellualar  domain  (NICD), 
which  is  translocated  to  the  nucleus  and  functions  as  a 
transcriptional  coactivator16*17.  NICD  production  Is  large¬ 
ly,  albeit  incompletely,  abrogated  in  PS  1 -deficient  cells18, 
but  entirely  eliminated  in  cells  with  compound  deletions 
of  both  PS1  and  PS214,15.  Collectively,  the  genetic  and 
biochemical  evidence  reinforces  the  notion  that  PS  are 
necessary  for  y-secretase  processing  of  APP  and  Notchl. 

The  third  (and  final?)  act 

The  proposal  that  PS1  are  y-secretases  gained  considerable 
momentum  when  Wolfe  and  colleagues  reported  that 
expression  of  PS1  harboring  alanine  substitutions  of  two 
conserved  aspartate  residues  at  positions  257  or  385 
compromised  Ap  secretion  and  induced  accumulation  of 
CTFs;  biochemical  phenotypes  that  largely  mimic  the  PS  I - 
deficient  state19.  These  observations  were  particularly 
intriguing  because  both  aspartate  residues  are  thought  to 
reside  within  transmembrane  domains  six  and  seven, 
supporting  the  model  that  PS  1  are  unusual  diaspartyl  pro¬ 
teases  that  catalyze  intramembranous  proteolysis  of  APP 
(Ref,  19), 


Although  the  reported  functional  role  of  PS  aspartate 
residues  in  modulating  y-secretase  remains  somewhat 
puzzling,  the  biochemical  evidence  supporting  the 
notion  that  presenilins  are  y-secretases  is  quite 
compelling,  Li  and  colleagues8  demonstrated  that  PS1  is 
intimately  associated  with  protein  complexes  of 
~2  X  106  Da,  where  the  entirety  of  y-secretase  activity 
resides.  Moreover,  the  y-secretase  activity  from  these 
complexes  was  inhibited  by  l-685,458,  a  potent  aspartyl 
protease  ‘transition-state’  analog.  Remarkably,  a  photoac- 
tivatable  analog  of  l-685,458  specifically  labeled  the  PS1 
or  PS2  derivatives20,  the  findings  of  which  were  con¬ 
firmed  by  Esler  and  colleagues,  who  employed  a  differ¬ 
ent  class  of  ‘transition-state’  analog  Inhibitors  of 
y-secretase21.  In  this  regard,  Steiner  et  al,22  have  noted 
sequence  similarities  between  a  PS  sequence  that 
includes  the  crucial  aspartate  385  residue  and  a  domain 
of  the  polytopic  membrane  proteases  called  bacterial 
type  4  prepilin  peptidases  (TFPP)23, 

y-secretase  and  PS:  the  caveats 

In  view  of  the  strengths  of  the  collective  genetic  and  bio¬ 
chemical  evidence,  one  might  be  inclined  to  conclude 
that  PS  are  y-secretases24.  However,  as  we  review  next,  a 
wealth  of  data  have  recently  emerged  to  cast  a  veil  of 
doubt  on  these  conclusions. 

Is  PS  1  the  executioner?  We  begin  by  commenting  on  the 
substrate  selectivity  of  ‘y-secretase’  and  the  presumed  role 
of  PS  in  proteolysis  (Fig.  1).  Whereas  in  the  case  of  Notchl 
a  valine  residue  four  amino  acids  before  the  end  of  the 
Notchl  transmembrane  segment  occupies  the  Pi'  posi¬ 
tion25,  the  principal  Ap  peptide,  Ap4Q,  is  generated  follow¬ 
ing  cleavage  between  the  twelfth  and  thirteenth  amino  adds 
of  the  APP  transmembrane  domain.  In  contrast  to  the  high¬ 
ly  selective  sequence  requirement  and  precise  site  of 
Notchl  processing  for  the  generation  of  NICD  (Ref  25), 
the  production  of  Ap40  or  related  peptides  is  largely  insen¬ 
sitive  to  the  sequence  at,  or  flanking,  the  scissile  bonds26. 
Moreover,  a  family  of  AP -related  peptides  with  termini  at 
34,  38,  39,  42  and  43  are  detected  in  conditioned  medium 
and  brains  of  transgenic  mice27*28  (Fig.  1),  Despite  these  dif¬ 
ferences  in  the  predse  sites  of  proteolysis  within  the  APP 
and  Notchl  transmembrane  domains,  the  y-secretase 
inhibitor,  l-685,458  inhibits  production  of  the  NICD  and 
AP  derivatives  equally29.  These  data  suggest  that,  if  y-secre¬ 
tase  is  a  single  entity,  it  must  be  highly  unusual.  In  this 
regard,  whereas  the  vast  majority  of  the  reported  FAD-linked 
PS  missense  mutations  (detailed  at  http://molgen- 
www.uia.ac.be/ADmutations/)  occur  within  transmem¬ 
brane  helices,  many  do  not.  It  is  possible  that  the  mutations 
in  transmembrane  domains  are  distributed  on  a  single  face 
of  their  respective  helices30.  Might  the  transmembrane 
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Figure  1.  Schematic  representation  of  proteolytic  cleavages  of  p-amyloid  precursor  proteins 
(APP)  and  Notch  1 


The  figure  depicts  the  eight  transmembrane  domain  topology  of  presenilin  1  (PS1 ;  blue)  as  well  as  the  type  1  membrane  topology  of  APP 
(yellow)  and  Notchl  (red).  The  endoproteolytic  cleavage  site  of  PS1  is  indicated  by  the  red  arrow,  and  the  proposed  crucial  aspartates 
(D257  and  D385)  of  PS1  are  indicated  as  a  red  dot.  The  intramembranous  cleavage  sites  in  APP  and  Notchl  are  indicated  by  blue  arrows, 
and  regions  corresponding  to  y-carboxyl-terminus  fragments  (CTF)  and  the  cytoplasmic  Notchl  derivative  Notch  intracellular  domain 
(NICD)  are  also  indicated  (green  arrows).  Note  that  APP  is  cleaved  at  multiple  sites  by  y-secretase,  whereas  cleavage  of  Notchl  occurs  at 
a  single  site.  For  details,  see  the  text  and  the  references  therein.  The  pink  arrow  indicates  the  furin-like  proprotein  convertase  site.  The  light 
blue  arrow  indicates  the  TACE  site  and  the  black  arrows  indicate  the  a  and  (3  secretase  sites  in  the  APP  ectodomain.  Abbreviation:  TACE, 
tumor  necrosis  factor  a  converting  enzyme. 

domains  of  PS  surround  a  central  canal  wherein  APP-CTFs  The  notion  that  PS  are  diaspartyl  proteases  emerged 
are  subject  to  proteolysis?  Although  attractive,  this  sugges-  from  studies  showing  that  mutagenesis  of  two  aspartyl 

tion  does  not  explain  why,  independent  of  the  site  of  muta-  residues  (aspartate  257  and  aspartate  385)  within 

tion  along  the  polypeptide  backbone,  every  FAD-linked  PS  proposed  transmembrane  domains  six  and  seven  (Fig.  1) 

variant  enhances  processing  at  only  a  single  site  (Ap42)  in  leads  to  inhibition  of  AP  production19.  However,  there  is 

the  APP  transmembrane  domain.  Equally  confusing  is  that  neither  complete  agreement  that  the  domain  that  includes 

whereas  expression  of  the  FAD-linked  LI  66P  PS1  variant  or  aspartate  385  of  PS1  exists  as  a  membrane-spanning  helix 

experimental  L286E  or  L286R  PS1  mutants31  leads  to  over-  nor  that  aspartate  257  plays  a  role  in  Ap  production32, 

production  of  Ap42  peptides,  these  PS1  variants  are  inca-  Furthermore,  whereas  PS1  harboring  a  D385A  substitu- 

pable  of  supporting  the  production  of  NICD.  tion  abrogates  AP  production,  PS1  with  alanine  substitu- 

In  toto,  these  experiments  unequivocally  prove  that  tions  at  both  aspartate  257  and  aspartate  385  does  not 

y-secretase  processing  of  APP  and  Notchl  can  be  dissoci-  (Seong-Hun  Kim  and  Sangram  S.  Sisodia,  unpublished), 

ated,  leading  us  to  conclude  that  the  catalytic  activities  Remarkably,  the  D257A,  D385A  and  compound 

responsible  for  processing  these  substrates  are  not  one  D257A-D385A  PS1  variants  completely  eliminate  NICD 

and  the  same.  production.  The  most  parsimonious  explanation  for  these 
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results  is  that  the  y-secretase  activities  responsible  for 
processing  APP  and  Notch!  are  distinct  and  differentially 
sensitive  to  the  expression  of  the  PS1  aspartate  variants. 
Indeed,  it  now  seems  clear  that  whereas  PS  polypeptides 
exist  in  larger,  heteromeric  complexes,  expression  of 
aspartate  PS1  mutants  reduces  the  size  of  the  PS  com¬ 
plex33,  These  findings  suggest  that  the  aspartate  residues 
are  crucial  for  assembly  of  the  functional  y-secretase 
complex,  rather  than  for  promoting  catalysis  per  se.  Indeed, 
recent  studies  have  demonstrated  that  expression  of  PS1 
with  substitutions  of  a  proline  residue  in  the  PS1-CTF  or 
deletion  of  transmembrane  domains  1  and  2  (regions  that 
are  remote  from  the  two  crucial  aspartate  residues),  also 
effect  APP  metabolism  in  a  manner  similar  to  the  PS  aspar¬ 
tate  variants34,35.  Hence,  the  conclusion  that  the  aspartate 
residues  play  a  central  role  in  intramembranous  proteoly¬ 
sis  of  APP  might  need  to  be  revised. 

Resolution  of  the  paradox:  PS  as  molecular 
chaperones 

The  most  unsatisfying  feature  of  the  proposal  that  PS  are 
y-secretase  is  that  the  subcellular  distributions  of  PS  tend 
not  to  overlap  with  the  cellular  sites  of  Ap  and  NICD 
production.  As  noted  earlier,  PS  are  predominandy  resi¬ 
dent  in  early  compartments  of  the  secretory  apparatus, 
but  NICD  is  generated  at,  or  near,  the  plasma  mem¬ 
brane36.  Moreover,  a-  and  p-secretase  generation  of  APP- 
CTFs  are  obligatory  for  y-secretase  processing,  and  these 
reactions  occur  in  subcellular  compartments  distal  to  the 
ER  and  include  the  Golgi,  endosomes  and  plasma  mem¬ 
brane37,38.  Attempts  to  resolve  this  ‘spatial  paradox*11,38 
might  be  futile:  it  has  been  argued  that  limiting  (and,  by 
definition,  undetectable)  levels  of  PS  are  recruited  to  late 
secretory  compartments  where  they  act  as  y-secretase.  By 
contrast,  and  in  view  of  the  preponderant  localization  of 
PS  in  the  ER  and/or  ERGIC,  we  offer  the  alternative 
hypothesis  that  PS  is  essential  for  the  assembly  and  traf¬ 
ficking  of  APP,  the  APP-CTFs  and/or  the  y-secretases. 
Supporting  this  view,  the  trafficking  of  APP,  the  tyrosine 
kinase  receptor  TrkB,  and  a  PS  1 -interacting  protein  called 
ICAM-5  (telencephalin)  to  the  cell  surface,  is  altered  in 
primary  neurons  from  PS  1 -deficient  mice  (Ref,  13  and 
Wim  Annaert  and  Bart  De  Strooper,  unpublished  obser¬ 
vations).  Our  proposal  that  PS  plays  a  broader  role  in 
facilitating  the  trafficking  of  y-secretase  or  membrane- 
tethered  substrate  of  y-secretase  to  appropriate  cleavage 
and/or  degradation  compartments  is  not  inconsistent 
with  the  model  posited  earlier  for  the  delivery  of  the 
membrane-anchored  sterol-regulatory-element-binding 
protein  (SREBP)  protein  to  the  Golgi  by  the  ER-resident 
polytopic  membrane  protein  SREBP  cleavage-activating 
protein  (SCAP)39. 


Concluding  remarks 

Despite  overwhelming  experimental  support  for  a  role  of 
PS1  and  PS2  in  y-secretase  processing  of  APP  and  Notch! , 
a  portrayal  of  PS  as  y-secretase  now  appears  far  too  over¬ 
simplified.  It  is  our  view  that  these  polypeptides  are 
unlikely  to  be  the  sole  effectors  of  intramembranous  pro¬ 
teolysis  of  APP  and  Notch  1,  The  demonstration  that  nicas- 
trin,  a  PS  1 -associated  molecule,  appears  to  modulate  Ap 
production  supports  this  view40.  Obviously,  functional 
reconstitution  of  y-secretase  activity  using  purified  com¬ 
ponents  is  the  gold  standard  -  a  condition  not  yet 
achieved.  This  might  be  a  rather  challenging  proposition, 
given  the  large,  multimeric  nature  of  the  PS  complex. 
Nevertheless,  we  remain  optimistic  that  the  entire  reper¬ 
toire  of  polypeptides  in  the  presenilin  complexes  will 
soon  be  identified  and  that  a  reconstitution  assay  for 
y-secretase  activity  will  be  developed.  The  results  of  these 
efforts  will  provide  the  foundation  for  a  comprehensive 
assessment  of  the  role  of  presenilins  in  the  modulation  of 
intramembranous,  y-secretase  processing  of  APP  and 
Notch  1. 
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The  role  of  the  ubiquitin-proteasomal 
pathway  in  Parkinson’s  disease  and 
other  neurodegenerative  disorders 

Kenny  K.K.  Chung,  Valina  L  Dawson  and  Ted  M.  Dawson 

A  unifying  feature  of  neurodegenerative  diseases  is  the  abnormal  accumulation  and 
processing  of  mutant  or  damaged  intra-  and  extracellular  proteins;  this  leads  to  selective 
neuronal  vulnerability  and  dysfunction.  The  ubiquitin-proteasomal  pathway  (UPP)  is  poised 
to  play  a  central  role  in  the  processing  of  damaged  and  toxic  proteins  by  ubiquitin- 
dependent  proteolysis.  The  UPP  can  be  overwhelmed  in  several  neurodegenerative 
diseases.  This  results  in  the  accumulation  of  toxic  proteins  and  the  formation  of  inclusions, 
and  ultimately  to  neuronal  dysfunction  and  cell  death.  Further  analysis  of  the  cellular  and 
molecular  mechanisms  by  which  the  UPP  influences  the  detoxification  of  damaged  and 
toxic  proteins  in  neurodegenerative  diseases  could  provide  novel  concepts  and  targets  for 
the  treatment  and  understanding  of  the  pathogenesis  of  these  devastating  disorders. 


Most,  if  not  all,  neurodegenerative  diseases  are  marked  by 
the  presence  of  protein  aggregates  or  inclusion  bodies1. 
These  include  the  prion  protein  (PrP)  plaques  in  Prion 
disease,  amyloid  plaques  and  neurofibrillary  tangles  in 
Alzheimer  s  disease  (AD),  Lewy  bodies  in  Parkinson  s  dis¬ 
ease  (PD)  and  dementia  with  Lewy  bodies  (DLB)  f  nuclear 
inclusions  in  the  poly-glutamine  repeat  diseases  such  as 
Huntington  s  disease  (HD),  spinocerebellar  ataxias  (SCA), 
dentatorubral  and  pallidoluysian  atrophy  (DRPLA),  as 
well  as  other  neurodegenerative  diseases  (Table  l).The 
linkage  of  two  genes  within  the  ubiquitin-proteasomal 
pathway  (UPP)  in  hereditary  PD  (Refs  2,3),  and  recent 
advances  in  other  neurological  disorders,  dearly  indicate 
that  the  UPP  plays  a  crucial  role  in  the  pathogenesis  of 
neurodegenerative  diseases,  and  has  elevated  the  impor¬ 
tance  of  the  UPP  in  these  disorders. 

The  dose  relationship  between  neurodegeneration 
and  the  ubiquitin  system  has  long  been  implicated 
through  the  consistent  findings  of  ubiquitin-positive  pro¬ 
tein  aggregates  in  various  neuropathological  studies.  In 
fact,  the  observation  of  ubiquitinated-protein  indusion 
bodies  is  one  of  the  hallmarks  of  neurodegeneration.  One 


general  idea  is  that,  under  certain  adverse  conditions 
[including  oxidative  stress,  protein  misfolding  during 
endoplasmic  reticulum  (ER)  stress  and  aging],  damaged 
proteins  can  accumulate  in  the  cell.  In  addition,  abnormal 
accumulation  of  proteins  could  occur  owing  to  altered 
post-translational  modification  of  newly  synthesized  pro¬ 
teins,  abnormal  proteolytic  deavage,  diminished  clear¬ 
ance  of  degraded  protein  and/or  improper  expression  or 
altered  gene  splicing.  The  UPP  might  play  a  prominent 
role  in  the  detoxification  and  targeting  of  damaged  pro¬ 
teins  for  degradation.  Under  some  conditions,  the  protein 
damage  could  be  so  severe  that  the  clearance  of  damaged 
protein  by  the  UPP  and  other  degradative  pathways  might 
not  be  able  to  cope  with  the  demand,  resulting  in  the 
accumulation  of  damaged  ubiquitin-tagged  proteins  and 
ultimately  neuronal  dysfunction  and/or  death. 

Neurodegeneration  and  the  UPP 

there  is  increasing  interest  in  the  UPP  in  relation  to  the 
control  of  various  important  cellular  processes.  The  system 
was  first  studied  in  reticulocyte  lysates,  which  later 
resulted  in  the  discovery  of  a  pathway  that  provides 
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Table  1.  Representative  neurodegenerative  diseases  that  have  ubiquitin- 
positive  protein  aggregates  or  inclusion  bodiesa  b 


Disease 

Gene 

Mutations 

Pathology 

Ubiquitin-positive 

inclusion? 

AD 

APP 

Missense 

Amyloid  plaques, 

Yes 

PS1 

neurofibrillary  tangles 

PS2 

FTDP 

Tau 

Missense 

Tau  inclusions 

Yes 

Pick’s 

Tau 

Pick  bodies 

Yes 

ALS 

SOD 

Missense 

Lewy-body-like  inclusions 

Yes 

PD 

a-Synuclein 

UchLl 

Missense 

Lewy  bodies 

Yes 

Parkin 

DLB 

a-Synuclein 

Lewy  bodies 

Yes 

MSA 

a-Synuciein 

Glial  cytoplasmic 

Yes 

inclusions  (GCIs) 

Prion 

Prion 

Missense 

Prion  protein  (PrP)  plaques 

Yes58 

DRPLA 

Atrophin  1 

Polyglutamine 

Nuclear  inclusions 

Yes 

HD 

Huntingtin 

Polyglutamine 

Nuclear  inclusions 

Yes 

SCA1 

Ataxinl 

Polyglutamine 

Nuclear  inclusions 

Yes 

SCA3/MJD 

Ataxin3 

Polyglutamine 

Nuclear  inclusions 

Yes 

SCA7 

Ataxinl 

Polyglutamine 

Nuclear  inclusions 

Yes 

Abbreviations:  AD,  Alzheimer’s  disease;  ALS,  amyotrophic  lateral  sclerosis;  APP,  amyloid  precursor  protein;  DLB, 
dementia  with  Lewy  bodies;  DRPLA,  dentatorubral  and  paltidoluysian  atrophy;  FTDP,  frontotemporal  dementia  with 
parkinsonism;  HD  Huntington’s  disease;  MJD,  Machado  Joseph  disease;  MSA,  multiple  system  atrophy;  PD, 
Parkinson’s  disease;  PS,  presenilin;  SCA,  spinocerebellar  ataxis;  SOD,  superoxide  dismutase. 
bTable  adapted  from  Refs  1  and  44  (with  the  information  regarding  Prion  taken  from  Ref.  58,  as  indicated). 


controlled  protein  degradation  in  eukaryotes4.  The  basic 
biochemical  steps  of  the  pathway  have  been  reviewed  in 
detail  (Fig.  I)5"7.  Interestingly,  some  proteins  that  are  linked 
to  neurodegenerative  diseases  might  also  be  connected  to 
the  ubiquitin  system  (Table  2).  For  instance,  genomic  stud¬ 
ies  in  familial  PD  have  discovered  mutations  in  two  ubiqui- 
tin-related  proteins  -  the  ubiquitin-like  domain  containing 
protein  parkin,  and  the  ubiquitin  C-terminal  hydrolase  LI 
(UchLl),  which  might  cause  PD  (Refs  2,3  and  discussed 
later  in  this  review).  In  addition,  different  ubiquitin-like 
proteins  have  been  found  to  interact  with  proteins  that 
cause  neurodegenerative  diseases  (Table  2) ;  thus,  the  UPP 
might  play  secondary  roles  in  these  disorders. 

Parkinson’s  disease  and  the  UP P 

PD  is  a  prototypical  neurodegenerative  disease  with 
prominent  intracytoplasmic  inclusions  of  proteinaceous 
material  called  Lewy  bodies.  Lewy  bodies  are  one  of  the 
defining  pathological  hallmarks  of  PD  and  DLB,  and 
are  composed  of  eosinophilic  intracellular  neuronal 
proteinaceous  inclusions  that  mainly  contain  lipids,  neuro- 
filament  and  related  proteins,  a-synuclein,  synphilin-1, 
ubiquitin  and  the  ubiquitin-pathway-related  enzymes8"12. 


PD  is  currently  the  only  neurodegenerative  disease  that  is 
caused  by  mutations  in  proteins  within  the  UPP  Thus, 
understanding  how  these  mutations  cause  PD  could  lead  to 
greater  insight  into  other  neurodegenerative  disorders. 

Great  advances  in  our  understanding  of  the  etiology  of 
PD  have  occurred  over  the  past  few  years13,14.  Genetic 
linkage  studies  have  identified  several  mutations  that 
cause  familial  PD.  Two  familial-associated  PD  genes  are 
part  of  the  UPP:  UchLl  (Ref.  3)  and  parkin,  which  has  a 
ubiquitin-like  domain2.  Mutations  in  a-synuclein,  one  of 
the  major  components  of  the  Lewy  bodies15,  is  also  linked 
to  familial  PD  (Ref.  16).  Other  families  with  hereditary 
PD  have  been  reported  but  the  genes  associated  with  these 
families  are  not  known17. 

A  mutation  in  UchLl  (Ile93Met)  was  identified  in  a 
small  German  pedigree  composed  of  two  affected  family 
members3.  UchLl  is  one  of  die  most  abundant  proteins  in 
the  brain  and  belongs  to  a  family  of  enzymes  that  is  respon¬ 
sible  for  degrading  polyubiquitin  chains  back  to  the  ubiquitin 
monomer18,19.  UchLl  is  present  in  Lewy  bodies20.  The 
mutation  (Ile93Met)  was  found  to  decrease  die  enzymatic 
activity  of  UchLl ,  but  how  this  is  linked  to  PD  is  not  known3. 
Mutations  in  UchLl  are  rare  in  PD  -  only  two  affected 
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family  members  in  one  family  have  been  identified  in  a  large, 
genome-wide  search21.  The  rarity  of  the  mutation  suggests 
that  it  is  either  a  very  rare  cause  of  PD  or  it  is  a  chance  occur¬ 
rence  that  is  unrelated  to  the  cause  of  PD  in  this  family. 

However,  polymorphisms  in  UchLI  might  protect 
against  PD,  providing  potential  support  for  the  importance 
of  UchLI  in  the  pathogenesis  of  PD  (Ref  22).  A  malfunc¬ 
tion  of  UchLI  in  degrading  the  polyubiquitin  chain  could 
impair  the  overall  efficiency  of  the  ubiquitin  system  and 
ultimately  increase  the  accumulation  of  damaged  protein, 
thus  threatening  the  survival  of  neurons  under  any  addi¬ 
tional  unfavorable  conditions.  An  in-frame  deletion  includ¬ 
ing  exons  7  and  8  of  UchLI  in  mice  causes  gracile  axonal 
dystrophy  (Gad)23.  Gad  mice  have  sensory  ataxia  at  an  early 
age,  followed  by  motor  ataxia  as  they  age.  There  is  also  an 
accumulation  of  p-amyloid  (Ap)  and  ubiquitin  deposits, 
suggesting  that  the  altered  function  of  the  de-ubiquitinat- 
ing  system  is  directly  responsible  for  neurodegeneration. 

Parkin  belongs  to  a  family  of  proteins  with  conserved 
ubiquitin-like  and  RING  finger  motifs2*24.  Mutations  in 
parkin  cause  autosomal  recessive  PD  (AR-PD).  In  the  lim¬ 
ited  neuropathological  studies  of  patients  with  parkin 
mutations,  there  is  a  selective  loss  of  dopaminergic  neur¬ 
ons  without  the  presence  of  Lewy  bodies.  In  situ  hybridiza¬ 
tion  studies  show  that  parkin,  UchLI  and  a-synuclein 
mRNA  have  similar  expression  patterns25.  Parkin  can 
interact  with  actin  filaments,  but  how  this  is  related  to  the 
pathogenesis  of  AR-PD  is  not  known26.  Recently  parkin 
was  reported  to  function  as  a  ubiquitin  E3  protein  ligase 
(Fig.  2)27-29.  It  appears  to  use  both  UbcH7  and  UbcH8  as 
its  E2  and  also  utilizes  the  ER-associated  E2s,  Ubc6  and 
Ubc7  (Ref.  30),  Familial-associated  mutations  in  parkin 
have  impaired  binding  to  either  UbcH7  or  UbcHS  and  are 
defective  in  E3  ubiquitin-protein-ligase  activity  which 
suggests  that  the  disruption  of  the  E3  ubiquitin-protein- 
ligase  activity  of  parkin  is  probably  the  cause  of  AR-PD 
(Refs  27-29),  Several  potential  substrates  for  parkin  have 
recently  been  identified,  one  of  which  is  cell  division  con¬ 
trol-related  protein  1  (CDCrel-1)  (mutations  in  parkin 
impair  its  ability  to  regulate  the  turnover  of  CDCrel-1)29. 
CDCrel-I  belongs  to  a  family  of  septin  GTPases;  it  has 
been  suggested  that  it  regulates  synaptic  vesicle  release  in 
the  nervous  system31.  Whether  CDCrel-1  is  involved  in  the 
release  of  dopamine  (DA)  is  not  yet  known  but  it  is  pos¬ 
sible  that  mutations  in  parkin  affect  CDCrel- 1 -mediated 
dopamine  release,  which  ultimately  contributes  to  the 
Parkinsonian  state  of  AR-PD  patients29.  Because  septins  are 
highly  conserved  proteins32,  it  Is  conceivable  that  parkin 
could  interact  with  other  septins  to  regulate  their  levels  as 
well.  Whether  CDCrel-1  or  a  closely  related  septin  accu¬ 
mulates  in  PD  and/ or  contributes  to  the  pathogenesis  of 
AR-PD,  awaits  further  study 


Figure  1,  The  steps  and  components  in  the  ubiquitination  of  substrate 
proteins  in  the  ubiquitin-proteasomal  pathway 

Ubiquitin  (Ub)  is  first  activated  by  ubiqurtin-activating  enzyme  (El)  in  the  presence  of  ATP.  Next,  the 
activated  ubiquitin  is  transferred  to  ubiquitin-conjugating  enzyme  (E2).  The  E2  in  conjunction  with  ubiquitin- 
protein  ligase  (E3)  recognizes  the  substrate  and  mediates  the  attachment  of  polyubiquitin  chains  to  the 
substrate.  The  polyubiquitin  chain  is  then  recognized  by  the  proteasome  and  degraded  in  an  ATP- 
dependent  manner,  E3  is  therefore  one  of  the  most  important  factors  in  the  regulation  and  selectivity  of 
substrates  targeted  for  degradation.  There  are  several  established  families  of  E3  enzymes.  One  of  the  best 
known  is  the  HECT  domain  E3  family,  which  was  first  characterized  by  its  representative  member,  the  E6 
associated  protein  (E6-AP)5,  Another  emerging  major  class  of  E3  ligases  are  proteins  that  contain  a  RING 
finger  domain66.  Proteins  that  are  polyubiquitinated  by  the  ubiquitin  system  are  typically  targets  for 
degradation  by  the  proteasome5'6.  However,  ubiquitination  of  protein  substrates  without  proteolysis  has 
recently  been  described  in  several  systems,  thus  unveiling  potential  new  regulatory  functions  for 
ubiquitin67-70.  Interestingly,  RING-finger  E3  ligases  seem  to  play  a  prominent  role  in  the  functional 
modification  of  target  proteins  through  ubiquitination  in  a  protein-degradation-independent  fashion67-70. 
Some  of  these  functional  alterations  in  target  proteins  occur  through  alternative  types  of  ubiquitination,  such 
as  lysine  (K)g3  chains69-70  rather  than  the  more  common  lysine  (K)48  ubiquitin  chain,  which  is  well  known  to 
promote  the  corresponding  proteasomaf  dependent  protein  degradation69?1.  Thus,  derangements  in  the 
ubiquitin  system  could  potentially  lead  to  alterations  in  processes  that  are  unrelated  to  protein  degradation. 
These  non-degradative  pathways  might  be  attractive  drug  targets.  Abbreviation:  Ubn,  polyubiquitin  chain. 


Parkin  is  upregulated  by  unfolded  protein  stress  and 
has  been  found  to  suppress  unfolded  protein-stress- 
induced  toxicity28.  The  unfolded  protein  response  regu¬ 
lates  a  variety  of  proteins,  including  multiple  ER  and 
secretory  pathway  genes  [including  proteins  involved  with 
ER-associated  protein  degradation  (ERAD)].  Many  of  the 
ERAD  proteins  are  components  of  the  UPP.  Misfolded  pro¬ 
teins  are  retrotranslocated  across  the  ER  membrane  into 
the  cytosol,  where  they  are  degraded  through  the  ERAD 
system33*34.  Because  parkin  is  localized  to  the  microsomal 
fractions,  as  well  as  to  the  cytosol  and  Golgi  fractions35,  it 
is  conceivable  that  it  is  involved  in  ERAD.  Thus,  mutations 
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Table  2.  Proteins  in  the  ubiquitin  pathway  that  are  connected  to  neurodegenerative  diseases3 


Disease 

UPP  proteins  potentially  linked 

Function  in  the 

Mutations 

Disease-related 

Refs 

to  neurodegenerative  diseases 

ubiquitin  pathway 

cause  disease? 

interactors 

AD 

Ubiquilin 

Linker  for  E3  ligase 

No 

PS1 ,  PS2 

59 

and  proteasome? 

DRPLA 

AIP2,  AIP4,  AIP5 

E3  ligase? 

No 

Atrophin-1 

60 

HD 

hE2-25K 

E2 

No 

Huntingtin 

61 

PD 

Parkin 

E3  ligase 

Yes 

CDCrel-1 

2,27, 

Synphilin-1 

28,30, 

Pael-R 

37,38 

ot-Sp22 

UchLI 

De-ubiquitination  enzyme 

? 

? 

3 

SCA1 

AlUp 

Linker  for  E3  ligase 

No 

Ataxin  1 

62 

and  proteasome? 

SCA3/MJD 

HHR23A, 

Inhibits  multi-ubiquitin 

No 

Ataxin  3 

63,64 

HHR23B 

chain  formation 

aParkin  functions  as  an  E3  ligase  and  has  four  potential  substrates:  CDCrel-1 ,  synphilin-1 ,  Pael-R  and  a-Sp22  (see  text  for  full  discussion). 
Atrophin-1 ,  the  DRPLA  gene  product,  interacts  with  a  family  of  WW  and  HECT  domain-containing  proteins  (AIP2,  AIP4,  AIP5)t  which  are  highly 
homologous  to  the  HECT  domain  E3  ligase60.  HD  interacts  with  the  E2  conjugating  enzyme  hE2-25K  (Ref.  61).  In  SCA1,  ataxin-1  interacts  with  a 
novel  protein,  A1  Up,  which  contains  both  ubiquitin-like  (UBL)  or  ubiquitin  associated  (UBA)  domains62.  Ataxin-3,  the  Machado  Joseph  Disease  gene 
product,  interacts  with  HHR23A  and  HHR23B,  which  are  homologous  to  the  yeast  protein,  RAD23  (Ref.  63).  Ubiquilin  (hPLIC-1),  which  also  has  a 
UBL  and  UBA  domain,  interacts  with  presenilin  1  and  2  (Ref.  59).  Mutations  in  presenilins  (PS)  1  and  2  are  linked  to  early-onset  familial  AD 
(Ref.  65).  Interestingly,  A1  Up  and  ubiquilin  belong  to  a  highly  conserved  family  of  proteins  containing  UBL  and  UBA  domains.  UBL-  and 
UBA-containing  proteins  are  thought  to  have  important  functions  in  protein  degradation  and  possibly  link  the  ubiquitin  tagging  system  with  the 
proteasome.  Whether  various  disease-causing  mutations  in  these  neurodegenerative-disease-associated  proteins  could  interfere  with  the 
processing  of  proteins  via  the  UPP  (owing  to  alterations  in  their  binding  or  disruption  of  the  function  of  these  UBL-  and  UBA-domain-containing 
proteins)  awaits  further  study.  Abbreviations:  A1  Up,  ataxin-1  interacting  protein;  AIP,  atrophin-1  interacting  protein;  AD,  Alzheimer's  disease; 
CDCrel-1,  cell  division  control-related  proteinl ;  DRPLA,  dentatorubral  and  pallidoluysian  atrophy;  PD,  Parkinson’s  disease. 


or  deletions  of  the  parkin  gene  could  result  in  accumulation 
of  misfolded  substrate  proteins  in  the  ER,  leading  to 
dopamine  cell  death  in  AR-PD  (Ref.  28). 

Recently,  an  unfolded  putative  G-protein-coupled 
transmembrane  receptor  -  the  parkin-associated 
endothelin-receptor-like  receptor  (Pael-R)  -  was  found  to 
be  a  parkin  substrate30.  When  overexpressed,  Pael-R  tends 
to  become  unfolded,  insoluble  and  ubiquitinated,  and 
causes  unfolded  protein-induced  cell  death30.  Co-expres¬ 
sion  of  parkin  results  in  protection  against  Pael-R-induced 
cell  toxicity30.  Insoluble  forms  of  Pael-R  accumulate  in  the 
brains  of  AR-PD  patients30.  Thus,  accumulation  of  Pael-R 
caused  by  parkin  mutations  could  result  in  the  selective 
neurodegeneration  of  AR-PD.  Although  Pael-R  is  a  poten¬ 
tially  important  disease-causing  substrate  of  parkin,  its 
localization  in  oligodendrocytes  and  its  enrichment  both  in 
DA  neurons  and  in  other  neurons  does  not  entirely  explain 
the  selective  loss  of  DA  neurons  in  AR-PD  patients30. 

UPP  and  Lewy  bodies 

The  prominence  of  ubiquitinated  protein  species  within 
the  Lewy  body,  and  the  observation  that  parkin  functions 
as  an  E3  ligase,  make  it  conceivable  that  proteins  con¬ 


tained  within  Lewy  bodies  are  targets  of  parkin-mediated 
ubiquitination.  Furthermore,  the  absence  of  Lewy  bodies 
in  patients  with  parkin  mutations  suggests  that  parkin 
might  be  involved  in  the  formation  of  Lewy  bodies29.  Two 
mutations  in  a-synuclein  -  AS3T  and  A3  OP  -  cause  an 
early-onset,  autosomal  dominant  form  of  familial  PD 
(Refs  16,36).  In  addition,  a-synuclein  is  a  major  compo¬ 
nent  of  Lewy  bodies,  suggesting  that  it  might  play  a 
prominent  role  in  sporadic  PD  (Ref.  15). 

It  has  been  suggested  that  the  ubiquitin  system  tags 
a-synuclein  for  proteasomal  degradation.  Under  adverse 
conditions,  the  ubiquitin  system  might  not  be  able  to  cope 
with  the  rate  of  formation  of  damaged  and/or  mutant 
a-synuclein,  and,  thus,  ubiquitin-  and  a-synuclein-posi- 
tive  protein  inclusions  (i.e.  Lewy  bodies)  would  be  formed. 
Using  immunological  methods  in  normal  human  brain, 
Shimura  and  colleagues  identified  a  protein  complex  con¬ 
taining  parkin,  UbcH7  and  a  novel  glycosylated  form  of 
a-synuclein  (a-Sp22)37.  Familial -associated  parkin 
mutants  failed  to  bind  a-Sp22  and,  in  an  in  vitro  ubiquiti¬ 
nation  assay,  a-Sp22  was  ubiquitinated  by  normal  but  not 
mutant  parkin.  Interestingly,  a-Sp22  accumulated  as  a 
non-ubiquitinated  form  in  AR-PD  brains.  Non-glycosylated 
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Figure  2.  Parkin  functions  in  the  ubiquitin-proteasomai  pathway  as  an  E3  ubiquitin-protein-Iigase 

Parkin  appears  to  work  in  conjunction  with  the  El  ubiquitin-activating  (Uba)  1  and  the  E2  ubiquitin-conjugating  (Ubc)  enzymes  UbcH7  or 
UbcHS  to  ubiquitinate  the  target  proteins  CDCrei-1 ,  a-Sp22  or  the  a-synuclein  interacting  protein,  synphilin-1 ,  Ubiquitination  of  GDCrel-1 
by  parkin  enhances  its  degradation  via  the  proteasomal  degradation  system29,  Ubiquitination  of  synphilin-1  in  the  presence  of 
non-glycosylated  a-synuclein  by  parkin  leads  to  ubiquitinated  cytoplasmic  Lewy-body-like  inclusions,  a-Sp22  accumulates  in  the  brains  of 
patients  with  Parkinson’s  disease  (PD)  owing  to  familial  associated  parkin  mutations.  Whether  a-Sp22  accumulates  in  Lewy  bodies  is  not 
known.  Parkin  also  appears  to  participate  in  endoplasmic-reticulum-associated  protein  degradation  (ERAD)  (see  text  for  discussion)  and 
utilizes  the  ER-associated  E2s,  Ubc6  and  Ubc7  to  degrade  toxic  unfolded  proteins  such  as  the  parkin-associated  endothelin-receptor-like 
receptor  (Pael-R).  Pael-R  accumulates  in  autosomal  recessive  PD  (AR-PD)  brains  and  cell  death  induced  by  Paef-R  overexpression  is 
rescued  by  parkin.  Abbreviations:  CDCrel-1  f  cell  division  control-related  protein  1 ;  Ubn,  polyubiquitin  chain. 


a-synuclein,  the  major  species  in  brain,  does  not  appear  to 
be  a  parkin  substrate:  both  in  vitro  (in  heterologous  trans¬ 
fection  assays  in  cell  lines)  and  in  brain30*37*38,  parkin  fails 
to  interact  with  non-glycosylated  a-synuclein,  and  fails  to 
ubiquitinate  non-giycosylated  a-synuclein38.  Thus,  parkin 
and  a-synuclein  might  be  linked  in  a  common  pathogenic 
mechanism  through  glycosylation  of  a-synuclein,  and  this 
interaction  could  result  in  ubiquitinated  a-synuclein  in  PD. 

Although  a-Sp22  appears  to  be  ubiquitinated  by  parkin 
in  vitro,  as  yet  no  ubiquitin-positive  a-synuclein  species  have 
been  definitively  isolated  in  vivo.  Immtinohistochemical  stud¬ 
ies  show  that  Lewy  bodies  have  a  distinct  central  ubiquitin- 
positive  domain,  whereas  a-synudein-positive  staining 
primarily  occurs  in  the  peripheral  and  outer  domain  of  the 
Lewy  body8*10,  suggesting  that  these  two  proteins  might  not 
be  in  the  same  compartment.  In  addition,  pale  bodies  (or 
diffuse  ‘doud-like’  indusions)  are  found  in  HD  and  DLB  that 
are  only  a-synuclein  positive8,  suggesting  that  non-ubiquiti- 
nated  a-synuclein  protein  indusions  do  exist.  Thus,  the 
issues  of  whether  a-synudein  is  being  ubiquitinated  in  vivo, 
and  how  proteins  contained  within  Lewy  bodies  are  ubiqui- 
tinated,  remain  to  be  resolved.  A  potential  due  to  this  process 
comes  from  recent  studies  in  which  parkin  was  shown  to 
interact  with,  and  ubiquitinate,  the  a-synuclein -interacting 
protein,  synphilin- 1 38-41 .  In  vitro  reconstitution  assays  indicate 
that  synphilin- 1  is  a  direct  protein  target  of  parkin38  and  is 
enriched  in  Lewy  bodies12.  Interestingly,  co-transfection  of 
parkin,  a-synudein  and  synphilin-1  results  in  the  formation 


of  ubiquitin-positive  protein  indusion  bodies38,  and  famil¬ 
ial-associated  mutations  in  parkin  disrupt  the  formation  of 
ubiquitin-positive  protein  inclusions.  Thus,  parkin  and  the 
major  non-glycosylated  form  of  a-synudein  might  also  be 
linked  in  a  common  pathogenic  pathway  through  their 
interaction  with  synphilin-1 3S,  in  addition  to  the  direct  inter¬ 
action  with  glycosylated  a-synudein.  Furthermore,  parkin 
and  synphilin-1  appear  to  be  required  for  the  formation  of 
ubiquitinated  a-synudein  indusions38. 

Inclusion  body:  friend  or  foe? 

The  UPP  appears  to  be  at  the  intersection  of  whether  a  toxic 
protein  is  degraded  or  whether  it  is  packaged  into  an  inclu¬ 
sion,  Molecular  chaperones  also  participate  in  attempts  by 
the  cells  to  suppress  aggregate  formation.  One  general 
hypothesis  is  that  ubiquitinated  protein  aggregates  provide 
a  nudeation  center  for  the  formation  of  indusion  bodies. 
Aggresomes  appear  to  be  part  of  the  general  cellular 
response  to  the  formation  of  aggregated  proteins  and  it 
appears  that  aggregated  proteins  are  delivered  spedfically  to 
indusion  bodies  by  dynein-dependent  retrograde  transport 
on  microtubules42.  The  accumulation  of  these  inclusion 
bodies  might  subsequently  induce  neuronal  dysfunction 
and/or  cell  death  leading  to  neurodegeneration43-46. 
Neurodegeneration  could  be  induced  by  the  intracellular 
aggregates  overwhelming  the  capacity  of  the  protein-fold¬ 
ing  chaperones  and/or  the  UPP  to  degrade  important 
cellular  regulatory  factors,  leading  to  a  positive  feedback 
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Figure  3.  A  toxic  or  damaged  protein  can  be  detoxified  via  at  least  two 
pathways 

The  first  involves  the  ubiquitin-proteasomal  pathway  (UPP)  where  the  protein  is  tagged  for  degradation 
by  the  proteasome.  If  the  toxic  or  damaged  protein  exceeds  the  capacity  of  the  proteasome  the 
ubiquitinated  protein  might  serve  as  a  nucleation  center  for  aggregates  and  inclusion  bodies. 
Aggresomes  might  be  intermediates  in  the  formation  of  inclusion  bodies.  Inclusion  bodies  and  the  UPP 
appear  to  work  in  a  coordinated  fashion  to  protect  the  cell  from  toxic  or  damaged  proteins.  The 
capacity  of  both  of  these  systems  might  be  overwhelmed,  leading  to  further  compromise  in  a  feed¬ 
forward  pathway  that  ultimately  results  in  the  demise  of  the  neuron. 

mechanism  in  which  increased  aggregation  leads  to  a  fur¬ 
ther  decline  in  the  UPP  and  disruption  of  fundamental  cel¬ 
lular  events,  and  ultimately  to  neuronal  cell  death46. 

Although  intracellular  aggregates  might  eventually  be 
toxic  to  cells46,  accumulating  evidence  suggests  that  the 
presence  of  inclusion  bodies  is  not  necessarily  deleterious 
and  that,  in  fact,  they  might  be  protective.  Thus,  the  ques¬ 
tion  arises:  are  inclusion  bodies  toxic  or  are  they  protec¬ 
tive  agents  against  some  of  the  more  toxic  intermediate 
protein-aggregate  species?  In  PD,  for  instance,  the  prefib- 
rillar  a-synuclein  intermediate  might  be  more  toxic  than 
the  fibrillized  a-synuclein  protein  aggregates47,48. 

Together  with  various  chaperones,  the  ubiquitin  system 
might  promote  the  formation  of  inclusion  bodies  to  render 
the  damaged  or  mutant  protein  less  toxic  than  its  soluble 
form.  It  has  been  proposed  that  Lewy  bodies  are  protective 
in  PD  (Refs  47,49).  As  discussed  earlier,  parkin  belongs  to 
a  family  of  proteins  with  ubiquitin-like  domains;  this  class 
of  proteins  might  be  important  in  protein  folding  and 
degradation,  linking  the  ubiquitin  tagging  system  to  the 
proteasomal  apparatus.  The  finding  that  parkin  is  an  E3 
ligase,  and  that  it  can  protect  cells  from  unfolded  protein 


stress,  further  supports  this  idea.  Based  on  the  hypothesis 
that  inclusion  bodies  might  be  protective,  it  is  tempting  to 
speculate  that  parkin  could  be  responsible  for  detoxifying 
damaged  proteins.  One  potential  pathway  for  this  is 
through  the  formation  of  protein  inclusions  like  Lewy  bod¬ 
ies,  which  could  render  damaged  proteins  less  toxic.  In 
addition,  parkin  might  tag  proteins  with  polyubiquitin 
chains  for  degradation  through  the  proteasome.  Both  path¬ 
ways  could  work  together  to  protect  the  cell  from  toxic 
mutant  and/or  damaged  proteins  (Fig.  3). The  observations 
that  AR-PD  patients  develop  PD  symptoms  at  an  earlier  age 
than  other  patients,  that  they  accumulate  the  parkin  sub¬ 
strates  Pael-R  and  a-SP22,  and  that  they  demonstrate  an 
absence  of  Lewy  bodies  appears  to  support  this  scenario. 

Other  studies  have  suggested  that  the  formation  of 
inclusion  bodies  is  one  of  the  strategies  of  the  cell  to 
process  damaged  and/or  mutated  potentially  toxic  pro¬ 
teins  and  that,  given  a  chance,  the  cell  will  recover  from 
such  stress  (Fig.  3).  In  the  mouse  model  of  HD,  nuclear 
inclusions  (NI)  are  present  in  surviving  neurons,  suggest¬ 
ing  that  the  inclusion  body  might  itself  be  protective50.  In 
the  mouse  model  of  SCA1,  mutant  ataxin-1  that  cannot 
self-aggregate  is  still  toxic  to  neurons51.  In  the  fly  model  of 
polyglutamine  disease,  overexpression  of  protein  chaper¬ 
ones,  such  as  HSP40  or  HSP70,  protects  against  polyglut- 
amine-induced  toxicity  without  a  visible  effect  on  NI 
formation52-54.  In  another  interesting  study,  mice  with  a 
pathogenic  ataxin-1  transgene  crossed  with  mice  with  a 
defective  ubiquitin  system  (mutation  in  E6AP)  resulted  in 
enhanced  ataxin-1 -mediated  toxicity,  despite  decreased 
formation  of  ubiquitinated  NI  (Ref.  55).  In  an  in  vitro 
model,  conditions  that  prevent  the  formation  of  NI  and 
ubiquitination  in  neuronal  culture  were  found  to  enhance 
mutant  huntingtin-induced  cell  death56. 

In  a  recent  exciting  report,  lowering  the  expression  of  the 
toxic  HD  transgene  expressing  pathogenic  expanded  poly¬ 
glutamines  in  symptomatic  mice  reversed  the  neuropatho- 
logical  and  behavioral  abnormalities,  clearly  indicating  that 
neurons  with  inclusion  bodies  are  not  those  that  are  dying 
and  that,  in  fact,  inclusion  bodies  could  be  reversible  protein 
reservoirs57.  Despite  the  notion  that  inclusions  might,  in 
part,  be  protective,  neurons  ultimately  fail  to  compensate  for 
the  abnormal  and/or  toxic  protein  accumulations  and  die. 
However,  the  possibility  that  inclusions  are,  in  part,  protec¬ 
tive  and  reversible  means  that  it  could  be  possible  in  the 
future  to  improve  or  even  reverse  neurodegenerative  disease 
before  significant  neuronal  cell  death  has  occurred. 

Concluding  remarks 

It  is  clear  that  the  UPP  is  emerging  as  a  major  player  in 
neurodegenerative  diseases  and  a  full  understanding  of  this 
intricate  system  must  be  achieved  to  better  understand  the 
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pathogenesis  of  these  devastating  disorders.  Most  studies 
have  focused  on  the  biosynthetic  anabolic  pathways  of  pro¬ 
teins  involved  in  neurodegenerative  diseases.  Very  litde 
attention  has  been  given  to  the  degradative  and  catabolic 
pathways.  Greater  understanding  of  these  pathways  will  be 
required  to  understand  fully  the  pathogenesis  of  neuro¬ 
degenerative  disorders.  The  challenge  in  the  future  will  be 
to  identify  ways  to  harness  the  UPP  for  treatment  of  neuro¬ 
degenerative  disorders.  Inhibition  of  the  UPP  might  be 
expected  to  worsen  most  neurodegenerative  disease. 
Augmentation  of  the  UPP  possesses  unique  challenges,  such 
as  delivery  of  UPP  components  to  the  nervous  system  or 
identification  of  drugs  that  enhance  the  degradation  of 
damaged  and  toxic  proteins  without  compromising  normal 
UPP  functions. 
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Superoxide  dismutase  and  the 
death  of  motoneurons  in  ALS 

Joseph  S.  Beckman,  Alvaro  G.  Estevez,  John  P.  Crow 
and  Luis  Barbeito 

Amyotrophic  lateral  sclerosis  (ALS)  is  a  lethal  disease  that  is  characterized  by  the 
relentless  death  of  motoneurons.  Mutations  to  Cu-Zn  superoxide  dismutase  (SOD), 
though  occurring  in  just  2—3%  of  individuals  with  ALS,  remain  the  only  proven  cause  of 
the  disease.  These  mutations  structurally  weaken  SOD,  which  indirectly  decreases  its 
affinity  for  Zn.  Zn-deficient  SOD  induces  apoptosis  in  motoneurons  through  a 
mechanism  involving  peroxynitrite.  Importantly,  Zn-deficient  wild-type  SOD  is  just  as 
toxic  as  Zn-deficient  ALS  mutant  SOD,  suggesting  that  the  loss  of  Zn  from  wild-type 
SOD  could  be  involved  in  the  other  98%  of  cases  of  ALS.  Zn-deficient  SOD  could 
therefore  be  an  important  therapeutic  target  in  all  forms  of  ALS. 


Remarkably,  all  voluntary  movement  depends  upon  fewer 
than  one  million  motoneurons  localized  in  the  ventral 
horn  of  the  spinal  cord  that  directly  innervate  muscles. 
Amyotrophic  lateral  sclerosis  (ALS)  results  from  the  pro¬ 
gressive  death  of  these  few  lower  motoneurons,  which 
causes  rapid  muscle  degeneration  and  paralysis,  leaving 
the  victim  cognitively  intact  but  unable  to  interact  with 
the  world,  ALS  also  involves  the  death  of  large  pyramidal 
neurons  in  the  region  of  the  motor  cortex  that  innervates 
the  lower  spinal  motoneurons,  which  reinforces  specific 
reflexes  and  results  in  a  spastic  rather  than  flaccid  paraly¬ 
sis.  Excellent  general  reviews  on  the  pathogenesis  in  ALS 
have  recently  been  published1-2.  This  article  focuses 
specifically  on  how  superoxide  dismutase  (SOD)  might 
be  involved  in  sporadic  as  well  as  familial  ALS, 

SOD  mutations  in  ALS 

In  1993,  13  mutations  to  the  cytosolic  Cu-Zn  SOD  were 
discovered  in  about  2-3%  of  individuals  with  ALS  with 
~90  different  SOD  mutations  now  reported3.  The  vast 
majority  of  these  mutations  are  missense  point  mutations, 
although  a  few  deletions  and  insertions  have  been  report¬ 
ed  in  the  C-terminal  region  (Fig,  1),  Although  SOD  is  a 
small  protein  of  153  residues,  mutations  occur  at  over  40 


different  locations,  which  are  strategically  important  for 
stability  of  the  SOD  backbone.  However,  -98%  of  ALS 
cases  do  not  have  mutations  in  SOD  or  defects  in  other 
antioxidant  defense  systems,  including  the  mitochondrial 
manganese  SOD  and  the  extracellular  Cu-Zn  SOD.  Because 
the  familial  disease  is  strikingly  similar  to  sporadic  ATS, 
understanding  the  effects  of  the  SOD  mutations  might 
shed  light  on  the  biochemical  basis  of  sporadic  ALS. 

As  the  chief  cell  responsible  for  output  from  the  central 
nervous  system,  motoneurons  maintain  a  high  metabolic 
rate  and  are  susceptible  to  oxidative  stress4.  Molecular  oxy¬ 
gen  is  a  strong  oxidant  and  can  rob  electrons  from  many 
biological  molecules  to  form  the  oxygen  radical  superox¬ 
ide  (O;-).  However,  superoxide  is  detoxified  and  main¬ 
tained  at  a  concentration  in  the  low  femtomolar  range  by 
intracellular  concentrations  of  SOD  that  are  typically  >10 
jiM  (Ref.  5). The  SOD  mutations  in  individuals  with  ALS  are 
dominant,  which  suggests  they  confer  a  toxic  gain  of  func¬ 
tion,  rather  than  simply  diminishing  superoxide-scaveng¬ 
ing  activity6.  Strong  evidence  for  the  causal  role  of  SOD 
mutations  in  ALS  is  derived  from  experiments  in  which 
transgenic  mice  that  overexpressed  specific  ALS  mutations 
were  shown  to  develop  progressive  paralysis  caused  by  the 
death  of  motoneurons7.  Because  the  complete  knockout  of 
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Figure  1.  Sites  of  mutations  in  Cu-Zn  superoxide  dismutase 

The  protein  is  a  homodimer  with  the  active  site  of  the  right  subunit  facing  out  of  the  page.  The  side- 
chains  of  mutated  amino  acids  are  shown  in  light  blue  and  on  the  backbone  as  dark  blue.  The  majority 
of  the  mutations  are  clustered  on  the  top  and  bottom  of  the  p  barrel,  in  the  dimer  interface  or  along  one 
of  the  loops  that  forms  part  of  the  Zn-binding  pocket  of  superoxide  dismutase  (SOD).  A  major  part  of 
the  Oterminal  region  (purple)  can  be  entirely  deleted  in  a  few  individuals.  The  only  parts  of  the  SOD 
molecule  where  mutations  have  not  been  found  are  in  the  Zn-binding  groups  and  on  the  residues 
facing  out  on  backside  of  the  p  barrel,  opposite  the  active  site. 


the  endogenous  gene  encoding  SOD  in  the  mouse  does 
not  produce  motoneuron  disease,  toxicity  cannot  be 
solely  caused  by  the  loss  of  superoxide  scavenging  activi¬ 
ty8.  Recent  evidence  from  transgenic  mice  has  established 
that  mutant  SODs  selectively  activate  apoptosis  in 
motoneurons9-1 1 . 

What  makes  SOD  toxic? 

The  apparent  gain  of  function  conferred  by  the  SOD 
mutations  in  ALS  remains  elusive.  It  was  originally  pro¬ 
posed  that  the  SOD  mutants  might  be  more  likely  to  cata¬ 
lyze  tyrosine  nitration  by  peroxynitrite12,  but  this  theory 
is  too  simplistic13.  One  important  current  theory  posits 
that  toxicity  is  independent  of  oxidative  stress  and  is 
caused  by  protein  aggregation14.  The  basis  for  this 
hypothesis  lies  in  the  observation  that  the  toxicity  of 
SODs  in  ALS  appears  to  be  independent  of  the  capacity  of 
the  cell  to  scavenge  superoxide;  disease  progression  in 
transgenic  mice  is  independent  of  the  presence  of  SOD 
(the  same  regardless  of  whether  the  endogenous  mouse 
SOD  is  absent  or  whether  wild-type  human  SOD  is  over¬ 
expressed  sixfold15).  However,  aggregates  of  SOD  protein 
per  se  have  not  been  demonstrated  to  be  toxic16.  Metal- 
deficient  apoSODs  are  nontoxic  to  motoneurons  even 
though  they  are  considerably  more  prone  to  aggre¬ 
gation13.  Furthermore,  mice  carrying  the  A4V  SOD  mu¬ 
tation  (alanine  to  valine  substitution  at  position  4)  do  not 
develop  motoneuron  disease  (though,  paradoxically,  this 
mutation  causes  the  most  rapid  progression  of  ALS  in 


humans7) .  The  level  of  A4V  SOD  expression  in  mice  is 
similar  to  that  of  the  G93A  mutant  (glycine  to  alanine 
substitution  at  position  93)  and  produces  large  aggregates 
in  motoneurons  without  cell  death7.  Aggregation  of 
neurofilaments  and  other  proteins  is  certainly  a  hallmark 
of  ALS,  but  aggregation  of  the  SOD  protein  perse  might  not 
be  the  primary  cause  of  toxicity.  Indeed,  nitrative  stress 
generated  by  SOD  and  peroxynitrite  could  promote  the 
aggregation  of  structural  proteins. 

Transgenic  SOD  mice  provide  vital  clues  into  the 
pathogenesis  of  ALS,  but  deciphering  the  mechanisms 
responsible  for  SOD  toxicity  is  nearly  impossible  without 
understanding  the  biochemical  properties  of  the  protein. 
In  an  attempt  to  understand  how  SOD  causes  ALS,  the 
redox  chemistry  of  the  purified  proteins  with  known 
metal  contents  has  been  studied  and  their  toxicity  charac¬ 
terized  in  isolated  motoneurons13.  An  important  result  of 
this  work  is  that  most  of  the  ALS  mutant  proteins  can  cor¬ 
rectly  fold  to  produce  fully  functional  SODs  that  are 
equally  protective  to  isolated  motoneurons  as  wild-type 
SOD  (Ref.  13). This  might  explain  how  some  people  can 
express  ALS  mutant  SODs  for  as  long  as  80  years  before 
the  symptoms  of  ALS  appear. 

However,  the  mutant  SODs  do  have  more  problems 
binding  metals17.  The  ALS  mutants  have  diminished  Zn 
affinity  and  often  accumulate  in  Zn-deficient  states  when 
expressed  in  vitro18.  The  reduced  affinity  for  Zn  appears  to 
be  an  indirect  consequence  of  the  ALS  mutations  struc¬ 
turally  weakening  the  backbone  of  the  SOD  protein19. 
Because  Zn  is  held  about  7000-fold  less  tightly  than  Cu 
even  in  wild-type  SOD,  structural  defects  cause  Zn  to  be 
lost  before  Cu  (Ref.  18). 

Oxidant  production  by  Zn-deficient  SOD 

The  loss  of  Zn  profoundly  alters  the  redox  properties  of 
SOD  and  makes  SOD  toxic  to  motoneurons13.  Rather  than 
acting  as  a  scavenger  of  superoxide,  Zn-deficient  SOD  can 
steal  electrons  from  cellular  antioxidants  and  transfer 
these  electrons  to  oxygen  to  produce  superoxide  (Fig.  2). 
One  can  see  this  chemistry  as  it  occurs:  the  loss  of  Zn 
changes  the  color  of  SOD  from  green  to  blue  -  direct  evi¬ 
dence  of  the  altered  environment  of  the  enzyme -bound 
Cu.  When  ascorbate  is  added  to  the  blue -colored  Zn-defi- 
cient  SOD,  the  protein  quickly  becomes  colorless  as  the 
copper  (Cu2+)  is  reduced.  The  blue  color  gradually  re¬ 
appears  as  Cu+  gives  up  its  electron  to  oxygen,  thereby 
producing  superoxide. 

This  slow  production  of  superoxide  by  Zn-deficient 
SOD  is  not  toxic  by  itself  because  remaining  Cu-Zn  SOD 
present  in  a  cell  recaptures  superoxide.  However,  nitric 
oxide  reacts  so  rapidly  with  superoxide  to  produce  perox¬ 
ynitrite  that  it  can  effectively  compete  with  SOD  for 
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superoxide.  Nitric  oxide  is  small  enough  that  it  might  even 
be  reacting  with  oxygen  transiently  bound  in  the  active 
site  of  reduced  SOD  to  drive  the  formation  of  peroxyni- 
trite  (Fig.  2) .  Furthermore,  wild-type  Cu-Zn  SOD  does  not 
prevent  peroxynitrite  formation13,  in  part  because  it  also 
can  form  peroxynitrite  when  reduced  (Fig.  2). This  in  vitro 
finding  provides  a  possible  explanation  for  the  failure  of 
overexpressed  wild-type  SOD  to  prevent  the  toxicity  of  ALS 
mutants  in  transgenic  mice  and  a  basis  for  the  dominant 
inheritance  of  SOD  mutations  in  humans. 

The  role  of  peroxynitrite  in  motoneuron  death 

In  order  to  understand  more  fully  the  toxicity  of  SOD  and 
nitric  oxide,  we  have  used  cultured  motoneurons,  one  of 
only  two  neuronal  types  that  can  be  isolated  at  high  pu¬ 
rity,  When  grown  in  the  presence  of  any  of  several  differ¬ 
ent  neurotrophic  factors,  motoneurons  isolated  from 
spinal  cords  of  embryonic  rats  develop  the  phenotype  of 
a  mature  motoneuron  over  a  period  of  about  one  week20. 
If  these  trophic  factors  are  withdrawn  at  any  point,  the 
motoneurons  undergo  apoptosis21.  Cell  death  requires  the 
simultaneous  production  of  both  nitric  oxide  and  super¬ 
oxide,  implicating  peroxynitrite  as  an  early  intermediate 
for  activating  apoptosis  in  trophic  factor-deprived 
motoneurons20.  Before  motoneurons  undergo  apoptosis, 
they  induce  neuronal  nitric  oxide  synthase  and  become 
immunoreactive  for  nitrotyrosine,  a  marker  of  peroxy¬ 
nitrite.  Inhibiting  nitric  oxide  synthesis  prevents  apop¬ 
tosis,  protection  that  is  lost  when  physiologically  realistic 
concentrations  (<100  nw)  of  nitric  oxide  are  generated 
exogenously.  To  test  for  the  involvement  of  superoxide, 
methods  have  been  developed  to  deliver  SOD  intracellu- 
larly  to  motoneurons  using  liposomes.  Intracellular  deliv¬ 
ery  of  Cu— Zn  SOD  protected  motor  neurons  as  well  as 
inhibitors  of  nitric  oxide  synthesis21. 

Zn-deficient  SOD  is  toxic  to  motoneurons 

The  ability  to  deliver  SOD  entrapped  in  liposomes  to 
motoneurons  has  enabled  the  direct  testing  of  whether 
Zn-deficient  SOD  is  toxic  to  motoneurons21.  Four  differ¬ 
ent  ALS  mutants  and  wild-type  SOD  were  prepared 
either  replete  with  Cu  and  Zn,  or  depleted  of  Zn 
(Ref.  13).  Delivery  of  wild-type  Cu-Zn  SOD  or  any  of 
the  four  ALS  mutant  SODs  replete  with  Cu  and  Zn  pro¬ 
tected  motoneurons  equally  well  from  trophic  factor 
deprivation.  However,  the  Zn-deficient  forms  of  ALS 
mutant  and  wild-type  SOD  induced  tyrosine  nitration 
and  motoneuron  apoptosis,  even  in  the  presence  of 
trophic  factors.  Inhibition  of  nitric  oxide  synthesis  pre¬ 
vented  death  and  blocked  accumulation  of  nitrotyrosine 
in  the  motoneurons.  Importantly,  Zn-deficient  wild-type 
SOD  was  just  as  toxic  as  the  mutant  SODs.  On  the  basis 


Figure  2.  Production  of  peroxynitrite  from  oxygen  and  nitric  oxide 

Zn-deficient  SOD  reacts  3000  times  faster  than  Cu— Zn  superoxide  dismutase  (SOD)  with  ascorbate, 
leaving  the  Cu  in  a  reduced  state.  The  reduced  Cu  In  SOD  reacts  over  a  period  of  minutes  with  oxygen 
to  produce  superoxide.  Nitric  oxide  is  such  a  small  and  highly  diffusible  molecule  that  it  can  enter  the 
active  site  of  SOD  to  combine  with  oxygen  interacting  with  the  reduced  Cu  to  produce  peroxynitrite. 
Wifd-type  Cu-Zn  SOD  does  not  inhibit  this  process.  Indeed,  Cu-Zn  SOD  can  also  produce 
peroxynitrite  from  oxygen  and  nitric  oxide  about  as  well  as  Zn-deficient  SOD.  However,  only  superoxide 
can  efficiently  reduce  Cu-Zn  SOD, 


of  these  results,  it  is  proposed  that  the  mutations  to  SOD 
do  not  directly  confer  the  gain  of  function,  rather  they 
increase  the  susceptibility  to  lose  Zn  (with  Zn-deficient 
SOD  being  responsible  for  the  death  of  motoneurons). 
Thus,  wild-type  SOD  can  participate  in  sporadic  ALS  if  it 
becomes  Zn  deficient. 

The  role  of  Cu  in  ALS 

Cu  is  essential  for  the  toxicity  of  Zn-deficient  SOD  and 
apoSOD  (SOD  lacking  in  Cu  and  Zn)  itself  is  not  toxic  to 
the  motoneurons13.  Recendy,  considerable  attention  has 
focused  on  the  Cu  chaperone  protein  for  SOD  (CCS).  In 
knockout  mice  that  lack  CCS,  the  activity  of  endogenous 
SOD  is  decreased  by  about  70-80%  (Ref.  22).  Although 
CCS  is  the  major  source  of  Cu  in  vivo,  SOD  can  apparendy 
acquire  Cu  from  other  sources  in  cells  as  20-30%  of 
activity  remains  in  the  knockout  mice.  Cu  is  absolutely 
required  for  SOD  to  scavenge  superoxide23.  A  probable 
source  for  SOD  to  acquire  Cu  is  the  mitochondria,  where 
a  separate  Cu  transport  system  provides  substantial 
amounts  of  Cu  for  cytochrome-c  oxidase.  The  alternative 
sources  of  Cu  might  explain  why  deletion  of  the  gene 
encoding  CCS  has  litde  effect  on  the  development  of 
motoneuron  disease  In  ALS  mutant  SOD  mice14.  Other 
studies  have  shown  that  CCS  selectively  inserts  Cu  into 
Zn-containing  SOD  (Ref.  24),  which  will  produce  Cu-Zn 
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Figure  3.  Proposed  interactions  of  superoxide  dismutase  and  neurofilaments  leading  to  the 
death  of  motoneurons 

Newly  synthesized  superoxide  dismutase  (SOD)  apparently  binds  Zn  before  the  Cu  chaperone  for  SOD  (CCS)  inserts  Cu  to  form 
protective  Cu-Zn  SOD.  However,  the  apo-protein  is  a  strong  metal  chelator  and  might  pick  up  Cu  adventitiously  from  the  mitochondria  or 
from  metallothionine.  Zn-deficient  SOD  can  produce  peroxynitrite  from  nitric  oxide,  oxygen,  and  electrons  taken  from  ascorbate  and  other 
intracellular  antioxidants.  The  disassembled  subunits  of  neurofilaments  are  particularly  susceptible  to  nitration  and  oxidation  by  peroxynitrite. 
These  damaged  subunits  can  disrupt  the  structure  of  neurofilaments  and  the  accumulation  of  neurofilaments  forms  a  major  new  pool  to 
bind  Zn.  This  can  accelerate  the  accumulation  of  Zn-deficient  SOD  by  either  withdrawing  Zn  from  Cu-Zn  SOD  or  blocking  the 
incorporation  of  Zn  into  the  apo-protein.  As  more  Zn-deficient  SOD  accumulates,  the  additional  formation  of  peroxynitrite  can  damage 
mitochondria  and  eventually  drive  motoneurons  to  apoptosis. 


SOD.  When  replete  with  Zn,  even  SODs  that  are  mutated 
in  ALS  are  protective.  In  the  absence  of  the  CCS  protein, 
the  mutant  SODs  might  acquire  Cu  without  Zn  from 
other  sources  (e.g.  the  mitochondria)  contributing  to  the 
formation  of  Zn-deficient  SOD  (Fig.  3).  This  could 
explain  why  mitochondrial  damage  is  the  earliest  marker 
of  injury  in  ALS-SOD  mutant  mice25. 

Nitric  oxide  and  peroxynitrite  in  ALS 

There  has  been  considerable  skepticism  about  the  role  of 
nitric  oxide  and  peroxynitrite  in  ALS  (Ref.  1 4) .  One  major 
objection  is  the  failure  of  the  neuronal  NOS  knockout  to 
provide  any  protection  against  ALS  or  mutated  SOD  in 
mice26.  However,  the  knockout  for  neuronal  NOS  is 
incomplete,  leaving  the  p-splice-variant  expressed  in 
skeletal  muscle  and  some  neuronal  tissues.  Levels  of  the 
P  variant  are  increased  in  reactive  astrocytes  in  ALS  trans¬ 
genic  mice27.  Motoneurons  also  express  endothelial  nitric 
oxide  synthase28  and  inducible  nitric  oxide  synthase  is 
upregulated  in  ALS  (Refs  29,30).  Inhibition  of  NOS  has 


been  shown  to  protect  motoneurons  from  degeneration 
after  ventral  root  avulsion31  and  in  wobbler  mice32. 

A  second  line  of  evidence  that  supports  a  role  for  nitric 
oxide  and  peroxynitrite  in  ALS,  is  the  finding  by  multiple  lab¬ 
oratories  that  there  is  increased  nitrotyrosine  in  lower 
motoneurons  of  transgenic  mice,  and  in  both  upper  and 
lower  motoneurons  in  individuals  with  ALS  (Refs  30,33-35). 
Strong  et  al.  have  isolated  nitrated  neurofilaments  from  indi¬ 
viduals  with  ALS,  but  similar  levels  of  nitration  are  observed 
in  neurofilaments  isolated  from  spinal  cords  of  control  sub¬ 
jects36.  Because  motoneurons  constitute  only  a  miniscule 
fraction  of  spinal  cord,  contributing  less  than  about  1%  of 
total  protein,  any  quantitative  differences  would  be  lost. 
Furthermore,  nitration  is  not  specific  for  ALS  and  might 
have  significant  functional  consequences  for  neurofilament 
proteins  in  other  neurological  diseases. 

Nitration  of  neurofilaments 

In  cultured  motoneurons,  Zn-deficient  SOD  can  generate 
enough  peroxynitrite  to  activate  apoptosis,  but  other 
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neuroprotective  mechanisms  in  vivo  will  resist  the  loss  of 
these  neurons.  However,  the  continued  generation  of  sub- 
lethal  concentrations  of  peroxynitrite  has  other  actions 
that  might  amplify  injury  until  the  threshold  for  apoptosis 
is  crossed.  For  example,  the  structural  proteins  that  form 
neurofilaments  are  particularly  susceptible  to  tyrosine 
nitration  by  peroxynitrite.  Because  of  their  long  axons, 
motoneurons  contain  enormous  quantities  of  neurofila¬ 
ment  proteins.  When  disassembled,  several  tyrosines  in  the 
coiled-coil  domain  of  neurofilament  subunits  are  excep¬ 
tionally  vulnerable  to  nitration37.  Strong  et  al.  have  shown 
that  the  disassembled  neurofilament  light  (L)  subunits 
from  spinal  cords  of  individuals  with  ALS  are  more 
intensely  nitrated  than  assembled  neurofilaments36,  A 
small  fraction  of  nitrated  subunits  can  disrupt  the  assem¬ 
bly  of  non-nitrated  neurofilaments  and  might  contribute 
to  the  aberrant  conglomerates  of  neurofilaments  found  in 
the  soma  and  proximal  axons  in  motoneurons  degenerat¬ 
ing  in  ALS,  Peroxynitrite  damage  to  structural  proteins  also 
appears  to  be  involved  in  Parkinson  s  disease,  Peroxynitrite 
induces  aggregation  of  a-synuclein  in  vitro  and  nitrated 
a-synuclein  is  found  in  the  core  of  Lewy  bodies38. 

Zn  deficiency  in  motoneurons 

A  major  gap  in  our  knowledge  is  what  causes  SOD  to 
become  Zn  deficient  in  motoneurons.  Although  Zn  is 
bound  to  hundreds  of  different  proteins,  the  concentration 
of  free  Zn  in  cells  might  be  less  than  one  atom 
per  cell39.  Curiously,  neurofilaments,  the  predominant 
protein  expressed  in  motoneurons,  also  have  enormous 
capacities  for  binding  Zn  and  can  outcompete  SOD  for 
binding  Zn  in  vitro18.  The  high  concentration  of  neurofila¬ 
ment  proteins  in  motoneurons,  combined  with  their  high 
Zn-binding  capacity,  could  explain  the  specificity  of  SOD 
for  killing  motoneurons  in  ALS.  Deletion  of  the  neuro¬ 
filament  L  subunit  protects  motoneurons  against  ALS  SOD 
in  transgenic  mice2.  The  interactions  between  neuro¬ 
filaments  and  Zn-deficient  SOD  can  potentially  create  a 
vicious  cycle  leading  to  the  death  of  motoneurons  (Fig,  3). 
As  more  Zn  is  bound  to  neurofilaments,  more  Zn-deficient 
SOD  accumulates  and  generates  more  peroxynitrite,  which 
nitrates  neurofilaments,  causing  more  neurofilaments  to 
aggregate  until  enough  peroxynitrite  is  generated  to  acti¬ 
vate  apoptosis  (Fig,  3).  Aberrant  upregulation  of  neurofil¬ 
ament  proteins  or  other  Zn-binding  proteins  such  as 
metallothionein  could  result  in  the  production  of  Zn-defi¬ 
cient  SOD  from  even  the  wild- type  enzyme  and  could, 
thus,  underlie  the  genesis  of  sporadic  ALS. 

Concluding  remarks 

Although  controversial40,  the  Zn-deficient  SOD  hypoth¬ 
esis  offers  a  rational  mechanism  to  explain  how  so  many 


different  mutations  could  have  the  same  effect,  and  how 
wild-type  SOD  can  participate  in  sporadic  ALS,  It  predicts 
that  disruption  of  Zn  metabolism  in  motoneurons  is 
important  in  the  origin  of  both  sporadic  and  familial  ALS, 
Zn-deficient  SOD  offers  a  target  suitable  for  high- 
throughput  screening  to  develop  new  therapeutic  agents. 
One  crucial  prediction  is  that  any  such  agent  should  work 
as  well  as,  or  possibly  better,  in  sporadic  ALS  than  in  the 
much  rarer  familial  SOD  ALS  cases. 
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Note  added  in  proof 

A  new  paper  that  supports  our  suggestion  of  Cu  uptake  in 
the  mitochondria  by  SOD  has  recently  been  accepted  for 
publication,  Sturz,  L,A.  et  al.  A  fraction  of  yeast  Cu-Zn 
superoxide  dismutase  and  its  metallochaperone,  CCS, 
localize  to  the  intermembrane  space  of  mitochondria:  a 
physiological  role  of  SOD1  in  guarding  against  mito¬ 
chondrial  oxidative  damage,  J,  Biol.  Chem.  (in  press). 
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Molecular  mechanisms  of  brain  aging 
and  neurodegenerative  disorders: 
lessons  from  dietary  restriction 

Tomas  A.  Prolla  and  Mark  P.  Mattson 

The  application  of  modern  molecular  and  cell  biology  technologies  to  studies  of  the 
neurobiology  of  aging  provides  a  window  on  the  molecular  substrates  of  successful 
brain  aging  and  neurodegenerative  disorders.  Aging  is  associated  with  increased 
oxidative  stress,  disturbances  in  energy  metabolism  and  inflammation-like  processes. 
Dietary  restriction  (DR)  can  extend  lifespan  and  might  increase  the  resistance  of  the 
nervous  system  to  age-related  neurodegenerative  disorders.  The  neuroprotective 
effect  of  DR  involves  a  preconditioning  response  in  which  the  production  of 
neurotrophic  factors  and  protein  chaperones  is  increased  resulting  in  protection 
against  oxyradical  production,  stabilization  of  cellular  calcium  homeostasis,  and 
inhibition  of  apoptosis.  DR  might  also  enhance  neurogenesis,  synaptic  plasticity  and 
self-repair  mechanisms. 


The  extension  of  the  maximum  lifespan  of  rodents  by 
dietary  restriction  (DR)  was  shown  65  years  ago1.  When 
started  early  in  life  or  in  middle  age,  DR  increases  both 
mean  and  maximum  lifespan,  reduces  and  delays  both 
spontaneous  and  induced  cancers,  and  lowers  the  inci¬ 
dence  of  several  other  age-related  diseases2.  Indeed,  aged 
rodents  maintained  on  DR  appear  younger  than  their 
freely  eating  counterparts  (Fig.  l).The  effects  of  DR  on 
average  and  maximum  lifespan  and  mortality  rate  in 
rodents  strongly  support  the  view  that  DR  slows  funda¬ 
mental  aspects  of  the  aging  process.  This  hypothesis  is  also 
supported  by  the  fact  that  DR  can  retard  the  aging  process 
in  diverse  species,  such  as  Tokophyra  (a  protozoan),  Daphnia 
(the  water  flea)  and  Lebistes  (the  guppy)2.  Despite  inten¬ 
sive  investigation,  the  mechanism  (s)  by  which  DR  retards 
aging  remains  unknown,  in  part  because  animals  on  DR 
display  physiological  changes  that  fit  many  current  aging 
theories.  Indeed,  DR  reduces  not  only  02  consumption  of 
the  whole  animal  but  also  thyroid  hormone  levels  and 
body  temperature,  suggesting  a  lower  metabolic  rate2.  DR 
also  reduces  blood  glucose  levels,  increases  insulin 


sensitivity  and  preserves  certain  immunologic  functions2. 
Given  this  plethora  of  effects,  it  is  difficult  to  distinguish 
primary  from  secondary  effects  of  DR  on  aging  retarda¬ 
tion.  Although  extension  of  lifespan  has  not  been  defini¬ 
tively  established  in  humans  or  other  primates,  ongoing 
trials  in  rhesus  monkeys  indicate  that  some  physiological 
effects  associated  with  DR  in  rodents,  such  as  decreased 
blood  glucose,  reduced  insulin  levels,  improved  insulin 
sensitivity  and  lowering  of  body  temperature,  also  occur 
in  monkeys3,4. 

A  theory  that  is  gaining  favor  is  that  DR  induces  a 
global  metabolic  response  that  results  in  higher  metabolic 
efficiency,  lower  production  of  toxic  metabolic  byprod¬ 
ucts  and  the  induction  of  specific  adaptative  responses  to 
stress5-8.  Global  stress  adaptations,  such  as  that  mediated 
by  the  oxyR  regulon,  are  well  characterized  in  bacteria9 
and  probably  exist  in  mammals.  Other  evidence  for  the 
role  of  stress  responses  in  longevity  comes  from  recent 
work  in  Drosophila  meknopaster  and  Caenorhabditis  elegans  that 
establish  that  aging  rates  can  be  determined  genetically. 
Specifically,  aging  in  D.  melonogaster  is  significandy  retarded 
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Figure  1.  Thirty-two-month-old  mice  maintained  on  either  dietary 
restriction  or  a  control  diet 

Mice  on  dietary  restriction  (DR;  left)  show  several  signs  of  retarded  aging,  including  extended  lifespan 
and  the  delayed  development  of  age-related  diseases,  compared  with  mice  on  a  control  diet  (right). 
Photograph  courtesy  of  Richard  Weindruch. 


by  increasing  the  levels  of  antioxidant  enzymes10  or  by 
genetic  selection  for  either  long-lived  strains11  or  strains 
with  high  resistance  to  oxidative  stress12.  Based  on  these 
experiments,  it  appears  that  resistance  to  oxidative  and 
other  stresses  leads  to  pleiotrophic  effects,  which  include 
aging  retardation.  Evidence  linking  metabolic  control  to 
aging  derives  from  the  demonstration  that  mutations  in 
the  insulin-related  transcription  factor  DAF-16  in 
C.  elqjans13,  or  the  gene  encoding  the  insulin -like  receptor 
in  D.  melanogaster,  control  lifespan14.  Interestingly,  mu¬ 
tations  in  DAF-2  are  also  associated  with  increased 
resistance  to  thermal  exposure  and  oxidative  stress15. 

The  aging  brain 

Recent  studies  indicate  that  in  normal  brains  aging  is 
associated  with  subtle  morphological  and  functional 
alterations  in  specific  neuronal  circuits,  rather  than  large- 
scale  loss  of  neurons16  (Fig.  2).  In  fact,  aging  of  the  cen¬ 
tral  nervous  system  (CNS)  in  diverse  mammalian  species 
shares  many  common  features,  such  as  dendritic  regres¬ 
sion  in  pyramidal  neurons,  synaptic  atrophy,  decrease  of 
striatal  dopamine  receptors,  accumulation  of  fluorescent 
pigments,  cytoskeletal  abnormalities  and  reactive  astro¬ 
cytes  and  microglia17.  Although  age-associated  defects  in 
particular  neuronal  circuits  have  been  described,  the  mol¬ 
ecular  basis  of  aging  in  the  brain  remains  unknown. 
Postulated  mechanisms  include  instability  of  nuclear  and 
mitochondrial  genomes  that  leads  to  alterations  in  gene 
expression,  production  of  reactive  oxygen  species  (ROS) 


that  damage  crucial  targets6,  neuroendocrine  dysfunction 
associated  with  exposure  to  corticosteroids18  and  altered 
calcium  metabolism19.  In  rodents  and  humans  without 
clinical  neurological  disease,  brain  aging  is  associated 
with  a  general  increased  incidence  of  activated  astrocytes 
and  microglia.  Glial  fibrillary  acidic  protein  (GFAP),  an 
intermediate  filament  that  mediates  the  extension  of 
astrocyte  processes,  is  a  widely  used  marker  for  astrocyte 
activation.  The  amount  of  mRNA  encoding  GFAP  increas¬ 
es  during  aging,  as  determined  by  in  situ  hybridization20, 
but  there  are  considerable  differences  between  brain 
regions,  with  the  most  prominent  increases  in  hippocam¬ 
pal  molecular  layers  that  receive  major  inputs  from  the 
neocortex.  In  myelinated  fibers  of  the  corpus  callosum, 
both  astrocytes  and  microglia  are  activated  in  middle- 
aged  rats20.  Importantly,  once  activated,  microglia  can 
produce  several  pro-inflammatory  mediators  including 
cytokines  [e.g.  interleukin  (IL)-l,  IL-6  and  tumor  necro¬ 
sis  factor  a],  cytotoxic  complement  components,  ROS, 
nitric  oxide  and  excitotoxins  such  as  quinolinic  acid21. 
Inflammatory  reactions  are  not  limited  to  glial  cells,  as 
neurons  can  also  exhibit  induction  of  inflammatory  fac¬ 
tors,  such  as  complement  Clq  (Ref.  22).  There  is  now 
solid  support  for  the  hypothesis  that  the  induction  of 
a  neuroinflammatory  cascade  contributes  to  many 
age-related  neurodegenerative  disorders. 

Molecular  profile  of  the  aging  brain  in  mice 

Normal  aging  is  associated  with  specific 
transcriptional  profiles 

To  search  for  mechanisms  of  aging  in  the  brain,  DNA 
microarray  analysis  was  recently  performed  on  the  neo¬ 
cortex  and  cerebellum  of  young  (5 -month-old)  and  aged 
(30-month-old)  mice23.  Of  the  6347  genes  surveyed,  the 
expression  of  only  67  (1%)  increased  by  more  than 
1.7-fold  with  aging  in  the  neocortex,  whereas  the  expres¬ 
sion  of  63  (1%)  increased  more  than  2.1 -fold  with  aging 
in  the  cerebellum.  Alterations  in  mRNA  levels,  as  detected 
by  DNA  microarray  analysis,  could  represent  changes  in 
transcription,  mRNA  stability  or  turnover  (a  complete  list¬ 
ing  of  age-related  changes  in  gene  expression  is  available  at 
http://www.wisc.edu/genetics/CATG/prolla/data/aging/ 
index.html).  Of  these,  20%  (14  out  of  67)  and  27%  (17 
out  of  63)  can  be  assigned  to  an  immune  or  inflammatory 
response  in  the  neocortex  and  cerebellum,  respectively. 
Several  genes  in  this  category,  including  those  encoding 
microglial  and  macrophage  migration  factors,  intracellular 
adhesion  molecule  2,  Exodus-2  and  MPS1 ,  and  the  CD40L 
receptor  involved  in  lymphocyte  activation,  were  common 
to  the  two  brain  regions,  although  fold-changes  tended 
to  be  higher  in  the  cerebellum.  Interestingly,  there  was 
a  concerted  induction  of  C4,  ClqA,  ClqB  and  ClqC 
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components  of  the  complement  cascade,  a  part  of  the 
humoral  immune  system  involved  in  inflammation  and 
cytolysis.  Production  of  complement  proteins  in  the  brain 
and  subsequent  generation  of  proinflammatory  peptide 
fragments  could  contribute  to  the  neuronal  damage  asso¬ 
ciated  with  stroke24  and  Alzheimer’s  disease25  (AD). 
Consistent  with  a  state  of  oxidative  stress  and  accumulation 
of  damaged  proteins,  genes  involved  in  a  stress  response 
accounted  for  24%  (16  out  of  67)  and  13%  (8  out  of  63) 
of  those  induced  in  the  neocortex  and  cerebellum,  respec¬ 
tively,  in  30 -month-old  animals.  These  included  the  heat- 
shock  factors  Hsp40,  a-p-crystallin,  Hsp27,  Hsp59  and 
Hsc70.  A  possible  molecular  basis  for  the  induction  of 
chaperones  and  lysosomal  proteases  in  the  aged  brain  is 
protein  oxidation  subsequent  to  inflammatory  responses 
and  production  of  ROS  in  mitochondria.  Taken  together, 
these  gene-profiling  data  support  the  concept  that  aging  in 
the  brain  is  associated  with  a  state  of  heightened  immune 
reactivity  and  oxidative  stress  accompanied  by  the  accumu¬ 
lation  of  altered  or  misfolded  proteins. 

Several  nuclear  transcripts  that  declined  in  the 
brain  during  aging  are  required  for  mitochondrial 
function23.  These  included  NADP  transhydrogenase, 
ubiquiriol-cytochrome-c  reductase  complex,  subunit  VIII 
of  cytochrome-c  oxidase  and  the  J  and  8  chains  of  ATP 
synthetase,  all  of  which  are  either  components  of  the 
mitochondrial  electron-transport  system  or  support  its 
function.  This  profile  indicates  that  mitochondrial  func¬ 
tion  might  be  compromised  in  the  aged  brain,  in  agree¬ 
ment  with  the  previous  observation  of  altered  respiratory 
rate  and  increased  oxyradical  production  in  mitochondria 
isolated  from  the  brain  of  aged  mice26. 

Ago-related  alterations  in  gene  expression 
might  represent  adaptive  mechanisms 

It  is  not  yet  known  which  age-related  changes  in  gene 
expression  are  detrimental  and  which  are  beneficial.  On 
the  one  hand,  based  upon  existing  experimental  data,  it 
might  be  predicted  that  age-related  decreases  in  levels  of 
neurotrophic  factors  and  increases  in  inflammatory  media¬ 
tors  contribute  to  neuronal  dysfunction  and  degeneration. 
On  the  other  hand,  the  increase  in  levels  of  heat-shock  pro¬ 
teins  as  the  brain  ages  might  help  neurons  cope  with  age- 
related  increases  in  stress.  Indeed,  studies  in  D.  melonogoster 
show  that  lines  genetically  selected  for  increased  levels  of 
hsp22  and  hsp23  RNA  have  an  increased  lifespan  and  resis¬ 
tance  to  stress27.  Similarly,  C.  elegons  mutants  with  extended 
lifespans  have  increased  stress  responses  to  a  variety  of 
stresses  including  heat,  ultraviolet  radiation  and  pro-oxi- 
dants28. Therefore,  although  gene  profiling  provides  a  pow¬ 
erful  initial  screen  to  establish  associations  between  levels 
of  gene  expression  and  a  phenotype  such  as  aging, 


Figure  2,  Morphological  changes  in  cortical  pyramidal  neurons 
during  aging 

During  normal  brain  aging,  the  dendritic  arbors  and  synaptic  contacts  of  individual  neurons  can  expand 
to  compensate  for  neuronal  loss.  In  age-related  neurodegenerative  disorders  dendritic  arbors  and 
synaptic  connections  are  lost  and  compensation  does  not  occur. 


cause-effect  relationships  can  only  be  established  through 
experimental  manipulation  of  the  individual  genes. 

Recent  studies  suggest  that  the  nervous  system  might  be 
an  important  ’master  regulator5  of  lifespan.  In  C.  elegons 
insulin-like  signaling  in  neurons  (via  a  receptor-tyrosine 
kinase  called  DAF-2  and  a  PI  3-kinase  called  AGE-1)  can 
impose  a  limit  on  lifespan  and,  accordingly,  mutations  in 
these  genes  can  increase  lifespan28*29.  In  addition,  mutations 
that  cause  defects  in  sensory  perception  can  extend  lifespan 
in  C.  elegons,  possibly  by  altering  the  insulin  signaling  path¬ 
way30.  Moreover,  overexpressing  the  antioxidant  enzyme 
Cu-Zn  superoxide  dismutase  (Cu— Zn  SOD)  in  motor  neur¬ 
ons  significantly  increases  the  lifespan  of  D.  mdonogoster31. 
These  invertebrate  data  should  spawn  new  studies  to  deter¬ 
mine  the  extent  to  which  selective  retardation  of  aging  in 
the  nervous  system  affects  lifespan  in  mammals. 

DR  suppresses  alterations  in  gene  expression 
in  the  aging  brain 

DR  prevents  age-related  alterations  in  gene 
expression 

Because  DR  prevents  or  retards  several  features  of  CNS 
aging  in  rodents,  including  the  age-associated  increase  in 
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the  expression  of  GFAP  and  other  markers  of  glial  acti¬ 
vation20,  the  effect  of  DR  on  age-associated  alterations  in 
gene  expression  in  mice  has  been  determined23.  Among 
the  largest  such  age-related  changes  (>  1.7-fold),  30% 
(34  out  of  114)  were  either  completely  or  partially  pre¬ 
vented  by  DR.  The  effect  of  DR  on  age-associated  altera¬ 
tions  in  gene  expression  was  highly  dependent  on 
transcript  class.  For  example,  DR  influenced  only  20%  (2 
out  of  10)  of  the  observed  decreases  in  expression  of 
genes  involved  in  neuronal  growth  and  plasticity,  where¬ 
as  it  prevented  the  induction  of  50%  (8  out  of  16)  and 
65%  (11  out  of  17)  of  genes  associated  with  the  stress- 
and  immune  responses,  respectively.  The  effects  of  DR  on 
immune-  and  stress -related  transcripts  agree  with  studies 
indicating  that  both  autoimmunity2  and  oxidative  dam¬ 
age32  is  reduced  in  the  brains  of  DR  mice.  Because  these 
studies  have  only  examined  5-10%  of  the  mouse 
genome,  it  is  possible  that  as  many  as  1000-2000  genes 
in  the  brain  might  undergo  a  >2 -fold  increase  or  decrease 
in  expression  during  aging.  Given  that  many  of  these 
genes  are  likely  to  belong  to  the  same  functional  cat¬ 
egories,  a  set  of  biomarkers  representing  elements  from 
each  class  should  provide  a  good  tissue-specific  panel  to 
monitor  aging. 

DR  induces  a  transcriptional  reprogramming  in 
the  brain 

In  addition  to  reducing  age-associated  alterations  in  gene 
expression,  DR  shifted  the  expression  levels  of  several 
transcripts  that  did  not  alter  with  age.  A  partial  list  is 
shown  in  Table  1  and  a  complete  list  of  DR-mediated 
alterations  in  gene  expression  can  be  found  at 
http://www.wisc.edu/genetics/CATG/prolla/data/aging/ 
index.html.  Compared  with  age-matched  controls,  DR  in¬ 
duced  the  expression  of  120  genes  by  1.7-fold  or  higher 
in  the  neocortex,  which  represents  1 .9%  of  the  genes  sur¬ 
veyed.  One  of  the  largest  classes  of  transcripts  induced  by 
DR  (9%)  comprised  growth  and  neurotrophic  factors, 
including  the  developmentally-regulated  homeobox  genes, 
Hox2.5,  Hoxb3  and  Hoxa6,  all  of  which  might  be  involved  in 
neural  development,  and  the  gene  encoding  neuroserpin,  a 
factor  that  promotes  neuronal  plasticity.  Other  transcripts  in 
this  general  class  have  been  linked  to  a  neurotrophic  func¬ 
tion,  such  as  Tgfb3,  which  encodes  transforming  growth 
factor  (TGF)  (33  and  brain-derived  neurotrophic  factor 
(BDNF),  which  can  protect  neurons  against  excitotoxic  and 
metabolic  insults33.  Perhaps  one  of  the  most  interesting 
classes  of  transcripts  induced  in  the  brain  of  rodents  under 
DR  was  that  of  genes  involved  in  DNA  synthesis  or  repli¬ 
cation,  such  as  thymidylate  synthase,  PCNA,  MSH2,  PUR-a 
and  UMP  synthase.  The  latter  observation  might  be  related 
to  the  increased  neurogenesis  observed  in  the  brains  of 


rodents  under  DR  (Ref.  34).  Taken  together,  gene  expres¬ 
sion  analyses  indicate  that  modulation  of  energy  metab¬ 
olism,  oxidative  stress,  ion  homeostasis  and  inflammatory 
signaling  pathways  by  DR  could  profoundly  affect  brain 
aging  in  the  mouse  (Fig.  3). 

DR  and  neurodegenerative  disorders 

Genetic  and  environmental  factors  in  major 
neurodegenerative  disorders 

Life  expectancy  and  the  proportion  of  the  population  over 
the  age  of  65  are  increasing  rapidly,  resulting  in  a  dra¬ 
matic  increase  in  the  incidence  of  age-related  neuro¬ 
degenerative  disorders,  particularly  AD,  Parkinson’s 
disease  (PD)  and  stroke.  There  has  been  considerable 
progress  in  the  understanding  of  genetic  and  environ¬ 
mental  risk  factors  for  these  disorders  and  in  elucidating 
the  molecular  alterations  that  result  in  dysfunction  and 
degeneration  of  neurons  in  the  affected  brain  regions. 
Implicated  in  each  of  the  chronic  neurodegenerative  dis¬ 
orders  [AD,  PD  and  familial  amyotrophic  lateral  sclerosis 
(ALS)]  are  oxidative  stress,  metabolic  abnormalities  and 
protein  aggregation35,36.  In  AD,  degeneration  and  death  of 
neurons  occurs  in  brain  regions  such  as  the  hippocampus 
and  cerebral  cortex  that  are  involved  in  learning  and 
memory  processes.  A  hallmark  of  AD  is  the  accumulation 
of  amyloid  plaques  containing  insoluble  aggregates  of  a 
protein  called  p-amyloid  (Ap).  Data  from  patients,  cell 
culture  and  rodent  models  suggest  that  Ap  promotes  neu¬ 
ronal  degeneration  by  inducing  oxidative  stress  and  dis¬ 
rupting  cellular  calcium  homeostasis35.  Major  advances  in 
understanding  the  pathogenesis  of  AD  have  come  from 
the  identification  of  three  genes  encoding  the  amyloid 
precursor  protein  (APP),  presenilin  1  and  presenilin  2, 
mutations  in  which  cause  inherited,  early-onset  forms  of 
the  disease.  When  expressed  in  cells  in  culture  or  in  trans¬ 
genic  mice,  each  mutation  increases  the  production  of 
neurotoxic  forms  of  Ap  and  increases  the  vulnerability  of 
neurons  to  oxidative,  excitotoxic  and  metabolic 
insults35,37-39.  Environmental  risk  factors  for  AD  include 
low  educational  attainment,  traumatic  head  injury  and, 
possibly,  high-calorie  intake40,41.  Neurons  might  undergo 
a  form  of  programmed  cell  death  called  apoptosis,  in 
which  a  stereotyped  molecular  cascade  involving  death- 
inducing  proteins,  mitochondrial  alterations  and  activa¬ 
tion  of  proteases  called  caspases  occur42. 

The  motor  dysfunction  associated  with  PD  results  from 
degeneration  of  dopaminergic  neurons  in  the  substantia 
nigra.  Although  mutations  in  genes  encoding  a-synuclein 
and  parkin  have  been  linked  to  a  small  number  of  cases  of 
PD,  there  appears  to  be  a  prominent  environmental  com¬ 
ponent  to  this  disease,  with  exposure  to  toxins,  head 
injury  and  high-calorie  intake  being  probable  risk 
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Table  1.  Dietary-restriction-induced  alterations  in  gene  expression  in  the 
neocortex3 


(fold) 

SEM 

Gene  or  protein 

Function 

t  2.0 

0,3 

IG  a-chain  C-region 

Immunoglobulin  chain 

f  1.9 

0.2 

RefB 

Inhibitor  of  inflammation 

T  1.8 

0.2 

IFN~ct5 

Modulator  of  inflammation 

1 1.8 

0.2 

IFN-cc2 

Modulator  of  inflammation 

1 1.8 

0.2 

IFN-y-induced  Mg21 

Modulator  of  inflammation 

1 1.8 

0.1 

B-cell  receptor 

Antigen  receptor 

1 1.8 

0.2 

Timp-1 

Metalloprotease  inhibitor 

1 1.8 

0.1 

H~2K( B)  -  a  chain 

Antigen  presentation 

T  1.8 

0.2 

Lyt3. 1 

MHC  class  1  T-cell  antigen 

1 1.7 

0,2 

Macrophage  CSF-1 

Macrophage/microglial  induction 

T  3.1 

0,3 

NADPH  oxidoreductase 

Detoxification  and  biosynthesis 

t  2.0 

0,3 

PERK 

Attenuates  protein  translation 

t  2.0 

0.3 

l-KBa  chain 

NF-kB  inhibitor 

T  1.7 

0.3 

I-TRAF 

NF-kB  inhibitor 

T  1.9 

0.3 

Glucose-6-phosphate  dehydrogenase 

Pentose  phosphate  pathway 

f  1.8 

0.2 

IF-2  homolog 

Mitochondrial  protein  synthesis 

T  1.7 

0,3 

Ferredoxin-NADP  reductase 

NADPH  homeostasis 

1 1.7 

0,1 

Cox8h 

Mitochondrial  ETS 

t  3.0 

0.3 

Bmpl 

Developmental  factor 

T  2.2 

0.6 

GasS 

Trophic  factor 

t  2.2 

0,2 

Hox2,5 

Homeobox  gene 

T  1,9 

0,2 

Hoxb3 

Homeobox  gene 

t  1.9 

0,2 

Neuroserpin 

Neuronal  plasticity 

1 1.8 

0.3 

Hoxa6 

Homeobox  gene 

t  1.8 

0,1 

Bdnf 

Neurotrophic  factor 

1 1.7 

0.2 

Ang 

Angiogenic  factor 

t  2.8 

0.5 

Pur-a 

ssDNA  binding  protein 

t  2.8 

0.3 

Umps 

Pyrimidine  synthesis 

t  2.8 

0.3 

Tyms 

Nucleotide  synthesis 

T  2.0 

0.1 

Pena 

DNA  synthesis/repair 

1 1.9 

0.3 

DP-1 

Cell  cycle  regulator 

Tl.8 

0,2 

Msh2 

DNA  mismatch  repair 

T  2.0 

0.3 

EF-1  a-2 

Peptide  elongation 

1 1.7 

0.2 

Ribosomal  protein  S4  homolog 

Ribosomal  component 

4-  1.9 

0.2 

Multi(f)al.  aminoacyl  tRNA  synthetase 

tRNA  synthesis 

4  1.9 

0.5 

Valyl  tRNA  synthetase  homolog 

tRNA  synthesis 

4-1.8 

0.2 

EF-1  -y  homolog 

Elongation 

4-1.8 

0.2 

60S  ribosomal  protein  LI  0  homolog 

Ribosome  component 

4- 1.8 

0.2 

Threonyl  tRNA  synthetase 

tRNA  synthesis 

4-1.8 

0,2 

Isoleucyl  tRNA  synthetase 

tRNA  synthesis 

4- 1.8 

0.3 

EF-2  homolog 

Elongation 

4-1.7 

0,2 

EF-1 -A  homolog 

Elongation 

4- 1.7 

0,3 

EF-1 -a-2  homolog 

Elongation 

4  2.2 

0,5 

Mcp-5 

Inflammatory  cytokine 

4  1.8 

0,3 

State 

IL-4  signaling 

4  1.8 

0,2 

IFN-receptor  p-chain  homolog 

Modulator  of  inflammation 

4  1,7 

0,2 

IFN-a 

Modulator  of  inflammation 

4  2.1 

0,3 

Hsp27 

Heat  shock  factor/chaperone 

l  2.1 

0.3 

NF-KB-p65 

Oxidative  stress  response 

4  1 .8 

0.4 

Midkine  precursor  homolog 

Response  to  neuronal  injury 

4  1.8 

0.3 

Cyclophilin  A  homolog 

Chaperone 

4  1.8 

0.2 

NF-kB-P1  00  subunit 

Oxidative  stress  response 

4  2.0 

0,2 

Phosphorylase-B-kinase  y  subunit 

Glycogen  breakdown 

4  1.8 

0,2 

Creatine  transporter  homolog 

Creatine  transport 

4  1.8 

0.3 

Phosphogfycerate  kinase  2 

Glycolysis 

4  1.7 

0,2 

Insulin  receptor  substrate  3 

Insulin  signal  transduction 

4  2.2 

0,3 

Xpc 

DNA  repair 

aThe  data  represent  a  comparison  between  30-month-oId  dietary  restricted  (DR)-fed  mice  and  control  mice  (n  =  3). 
E\  Abbreviations:  MHC,  major  histocompatibility  complex;  SEM,  standard  error  of  the  mean. 

For  full  gene  names,  see  http://www.informafics.jax.Qrg/searches/quick_gene_reportcgi 
lr  Key:  Inflammatory  response,  Stress  response,  Energy  metabolism,  Growth/trophic  factors,  Protein  synthesis,  DNA 
!•  synthesis/repair. 
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Figure  3.  Roles  of  gene  responses  in  determining  resistance  and 
vulnerability  to  age-related  disease 

Aging  results  in  increased  levels  of  oxidative  stress,  metabolic  disturbances,  inflammatory  processes 
and  dysregulation  of  protein  catabolism.  During  successful  aging,  as  promoted  by  dietary  restriction 
(DR),  cells  adapt  the  expression  of  various  genes  resulting  in  maintenance  and  plasticity  of  neural 
circuits.  Adaptive  changes  include  those  that  suppress  oxyradical  production  and  stabilize  cellular 
energy  and  calcium  homeostasis.  By  contrast,  unsuccessful  aging,  which  might  be  facilitated  by  a  high- 
calorie  diet,  results  in  neurodegenerative  processes  that  manifest  as  disorders  such  as  Alzheimer’s  and 
Parkinson’s  diseases. 


factors43.  Animal  models  indicate  major  roles  for  impaired 
energy  metabolism,  increased  oxidative  stress  and  apop¬ 
tosis  in  the  pathogenesis  of  PD. 

The  risk  factors  for  stroke  are  similar  to  those  for 
cardiovascular  disease,  with  a  genetic  tendency  towards 
hyperlipidemia,  a  diet  that  is  high  in  calories  and  fat,  and 
hypertension  greatly  increasing  the  risk.  The  symptoms  of 
stroke  patients  are  related  to  the  extent  of  neuronal 
degeneration  in  the  brain  regions  subjected  to  ischemia. 
Studies  of  animal  models  of  stroke  demonstrate  the 
involvement  of  oxidative  stress,  overactivation  of  gluta¬ 
mate  receptors  and  apoptotic  biochemical  cascades  in  the 
cell-death  process44. 

DR  is  protective  in  animal  models  of 
neurodegeneration 

Because  advancing  age  is  the  major  risk  factor  for  AD,  PD 
and  stroke,  a  series  of  studies  have  been  performed  dur¬ 
ing  the  past  three  years  to  determine  the  effects  of  DR  in 
animal  models  of  these  disorders.  In  the  case  of  AD,  three 
models  have  been  studied.  In  one  model,  administration 
of  the  neurotoxin  kainic  acid  (an  excitatory  amino  acid) 
to  rats  results  in  selective  degeneration  of  hippocampal 
pyramidal  neurons  and  learning  and  memory  deficits. 
Rats  maintained  on  a  DR  feeding  regime  for  2-4  months 
are  resistant  to  this  effect  (Fig.  4)  and  learning  and  mem¬ 
ory  in  a  water  maze  are  preserved45.  A  second  model  con¬ 
sists  of  knockin  mice  in  which  a  presenilin- 1  mutation 


has  been  introduced,  resulting  in  increased  vulnerability 
of  hippocampal  neurons  to  excitotoxic  and  ischemic 
injury39-46,  and  the  third  is  APP-mutant  mice  which 
undergo  age-dependent  deposition  of  A(3  in  the  hippo¬ 
campus  and  cortex  and  cognitive  deficits37,47.  In  preseni¬ 
lin-  1  mutant  mice,  hippocampal  cornu  ammonis  (CA)  1 
and  CA3  neurons  of  mice  maintained  on  DR  have 
increased  resistance  to  excitotoxic  injury  compared  with 
mice  fed  ad  libitum48.  The  neuroprotective  effect  of  DR  was 
correlated  with  decreased  levels  of  oxidative  stress  in  the 
hippocampus.  Thus,  neurodegeneration  promoted  by  a 
mutation  that  causes  AD  can  be  counteracted  by  DR. 
Surprisingly,  when  middle-aged  APP  mutant  mice  were 
subjected  to  DR  on  alternate  days,  they  died  within 

2- 3  weeks  suffering  from  severe  hypoglycemia49.  Further 
analyses  revealed  abnormalities  in  responses  of  the  APP 
mutant  mice  to  a  variety  of  stresses,  including  restraint 
stress  and  surgery  characterized  by  abnormal  neuroen¬ 
docrine  regulation  of  glucocorticoid  and  blood  glucose 
levels.  Thus,  both  presenilin- 1  and  APP  mutant  mice 
respond  abnormally  to  stress,  consistent  with  data 
obtained  from  studies  of  patients  with  AD  (Ref.  50). 

DR  is  also  beneficial  in  experimental  models  of  PD, 
Huntington’s  disease  and  stroke.  The  vulnerability  of  mid¬ 
brain  dopaminergic  neurons  to  MPTP  toxicity  is 
decreased  and  motor  function  is  improved  in  mice  main¬ 
tained  on  DR  (Ref.  51).  An  animal  model  of  HD  involves 
administering  the  succinate  dehydrogenase  inhibitor 

3- nitropropionic  acid  (3NP)  to  rats.  Maintaining  rats  on 
a  DR  regime  for  several  months  before  administration  of 
3NP  increases  the  resistance  of  striatal  neurons  to  3NP 
and  improves  motor  function45.  DR  was  also  beneficial  in 
a  rat  model  of  stroke  (Fig.  4)  in  which  the  middle  cerebral 
artery  is  transiently  occluded  resulting  in  damage  to  the 
cerebral  cortex  and  striatum  supplied  by  that  artery,  and 
associated  motor  dysfunction52.  Studies  of  human  popu¬ 
lations  support  a  protective  effect  of  DR  against  age-relat¬ 
ed  neurodegenerative  disorders.  Studies  of  a  large  cohort 
of  people  living  in  New  York  City  reveal  that  individuals 
with  the  lowest  daily  intake  of  calories  have  the  lowest 
risk  for  AD  (Ref.  41 )  and  PD  (Ref.  53).  Moreover,  the  inci¬ 
dence  of  AD  is  decreased  by  more  than  50%  when  genet¬ 
ically  similar  populations  of  Africans  live  in  a  community 
where  they  consume  a  reduced  calorie  diet54. 

In  contrast  to  the  beneficial  effects  of  DR  in  models  of 
AD,  PD  and  HD,  DR  was  ineffective  in  a  transgenic  model 
of  ALS.  ALS  is  a  fatal  disease  characterized  by  progressive 
degeneration  of  spinal  cord  motor  neurons  resulting  in 
progressive  paralysis.  A  small  proportion  of  ALS  cases 
result  from  mutations  in  the  gene  encoding  Cu-Zn  SOD. 
However,  transgenic  mice  expressing  mutant  Cu-Zn  SOD 
did  not  benefit  from  DR  and  survived  no  longer  than 
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transgenic  mice  fed  ad  libitum55,  suggesting  that  DR  might 
not  be  effective  in  counteracting  all  genetically-based 
forms  of  neurodegenerative  disorders.  There  are  at  least 
two  explanations  of  why  DR  does  not  protect  motor 
neurons  in  the  mouse  model  One  possibility  is  that  DR 
exerts  different  effects  on  gene  expression  in  motor  neur¬ 
ons  and  neurons  in  the  brain.  Another  possibility  is  that 
DR  does  induce  expression  of  neuroprotective  proteins, 
such  as  growth  factors  and  stress  proteins,  in  motor  neur¬ 
ons  but  that  the  pathogenic  effects  of  the  Cu-Zn  SOD 
mutation  involves  a  pathway  that  is  not  affected  by  DR. 
Further  studies  of  DR  in  the  transgenic  ALS  mice  could 
help  identify  the  specific  molecular  requirements  for  DR 
to  counteract  neurodegenerative  disease. 

Impact  of  aging  and  DR  on  the  synapse 

Synapses  are  highly  specialized  sites  of  intemeuronal  sig¬ 
nal  transduction  that  dictate  the  immediate  functions  and 
long-term  plasticity  of  the  brain.  Structural  and  func¬ 
tional  changes  in  synaptic  connections  that  occur  during 
aging  might  enable  neuronal  circuits  to  adapt  to  the 
increasingly  adverse  environment  created  by  oxidative 
damage  and  metabolic  compromise.  Analyses  of  brains  of 
individuals  who  aged  successfully  reveal  that  neuronal 
loss  can  be  compensated  for  by  an  increased  complexity 
of  dendritic  arbors  of  the  remaining  neurons56  so  that 
there  is  no  net  loss  of  synapses57.  By  contrast,  synapses  are 
highly  prone  to  degeneration  in  age-related  disorders 
such  as  AD,  although  this  might  be  partially  compensated 
for  by  increased  size  of  the  remaining  synapses58. 
Receptors  for  each  of  the  major  signaling  pathways  in  the 
brain  are  concentrated  in  synapses,  including  those  acti¬ 
vated  by  neurotransmitters,  neurotrophic  factors, 
cytokines  and  cell-adhesion  molecules.  Levels  of  several 
synaptic  ligands  and/or  receptors  can  change  during 
aging.  For  example,  levels  of  dopamine  D2  receptors, 
nerve  growth  factor  receptors  and  BDNF  decrease  during 
aging  in  one  or  more  brain  regions33,59. 
Electrophysiological  analyses  of  hippocampal  slices  from 
old  and  young  rodents  reveal  changes  in  channels  that 
regulate  calcium  influx  and  so  might  shift  thresholds  for 
the  synaptic  mechanisms  that  underlie  learning  and 
memory60  (long-term  potentiation  and  long-term 
depression).  The  specific  molecular  and  cellular  mecha¬ 
nisms  that  lead  to  alterations  in  synaptic  function  and 
structure  have  not  been  firmly  established,  but  are  likely 
to  include  oxidative  stress  and  metabolic  disturbances. 

The  possibility  that  abnormalities  in  signal-transduc¬ 
tion  pathways  that  normally  regulate  adaptive  changes  in 
synaptic  structure  and  function  contribute  to  dysfunction 
and  degeneration  of  synapses  in  age-related  disorders  is 
indicated  by  data  implicating  activation  of  glutamate 


Figure  4.  Dietary  restriction  increases  the  resistance  of  neurons  in  the  brain 
to  degeneration  in  animal  models  of  Alzheimer’s  disease  and  stroke 

(a)  Cresyl-violet-stained  coronal  sections  of  hippocampus  from  rats  given  kainic  acid,  an  excitotoxin  that 
selectively  damages  hippocampal  pyramidal  neurons  and  results  in  impaired  learning  and  memory 
ability.  One  rat  had  been  maintained  for  three  months  on  dietary  restriction  (DR)  on  alternate  days  (top), 
whereas  the  other  rat  had  been  fed  ad  libitum  (At,  bottom).  There  is  extensive  loss  of  CA3  neurons  in 
the  rat  fed  At,  whereas  very  few  neurons  were  damaged  in  the  DR  rat.  (b)  Sections  of  brain  from  three 
rats  (four  different  coronal  sections  from  each  brain)  subjected  to  transient  occlusion  of  the  middle 
cerebral  artery  as  a  model  for  stroke.  The  rats  had  been  maintained  on  DR  (upper)  or  fed  AL;  the  brain 
in  the  middle  panel  is  from  an  age-matched  rat  fed  AL  (AL-A)  and  that  in  the  lower  panel  is  from  a 
weight-matched  rat  fed  AL  (AL-W),  The  brain  sections  were  incubated  with  a  dye  that  stains  viable  cells 
red  and  white  areas  in  the  sections  correspond  to  regions  where  cells  have  died.  There  is  considerable 
damage  to  striatal  and  cortical  cells  in  the  rats  fed  AL,  but  not  in  the  rat  subjected  to  DR. 


receptors  in  the  pathogenesis  of  neurodegenerative  disor¬ 
ders61 .  Populations  of  neurons  in  AD,  PD,  HD  and  stroke  are 
also  vulnerable  to  excitotoxicity,  particularly  under  condi¬ 
tions  of  increased  oxidative  stress  (e.g,  exposure  to  Ap  in 
AD)  and  metabolic  compromise  (e.g.  impairment  of  com¬ 
plex  I  in  PD);  glutamate  receptor  antagonists  can  protect 
neurons  in  animal  models  of  each  disorder.  Activation  of 
several  synaptic  signaling  pathways,  including  those  acti¬ 
vated  by  neurotrophic  factors,  some  cytokines,  and  inte- 
grins,  can  protect  neurons  against  excitotoxic  injury33,62. 
During  successful  aging,  the  latter  synaptic  signaling 
mechanisms  are  sufficient  to  guard  against  excitotoxic 
damage,  whereas  in  neurodegenerative  disorders  the  pro¬ 
tective  mechanisms  are  overwhelmed  (Fig.  5), 

Several  lines  of  evidence  suggest  that  DR  can  enhance 
synaptic  function  and  increase  the  resistance  of  synapses  to 
degeneration  during  aging  in  rodents.  For  example,  age- 
related  deficits  in  learning  and  memory  are  ameliorated  in 
rodents  maintained  on  DR  (Ref,  63),  In  addition,  DR  pre¬ 
vents  age-related  deficits  in  long-term  potentiation64. 
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Figure  5.  Signaling  mechanisms  that  regulate  neuronal  plasticity  and 
survival,  and  the  effects  of  genotype,  aging  and  dietary  restriction 

Changes  that  occur  during  aging  (e.g.  oxyradica!  damage  and  energy  impairment)  and  specific  genetic 
defects  (e.g.  mutations  in  the  genes  encoding  the  proteins  indicated)  promote  oxidative  stress,  perturb 
cellular  calcium  homeostasis  and  activate  apoptotic  cascades  in  neurons.  DR  and  ‘good’  genes,  such 
as  those  encoding  some  growth  factors,  stress  proteins  and  isoforms  of  apolipoprotein  E,  antagonize 
the  effects  of  aging  and  ‘bad’  genes.  Two  prominent  signaling  pathways  that  might  determine  the 
outcome  (normal  brain  aging  or  neurodegenerative  disorders)  during  brain  aging  are  those  activated  by 
glutamate  and  neurotrophic  factors.  Abbreviations:  AA*Bcl,  anti-apoptotic  Bcl-2  family  members;  AOE, 
antioxidant  enzymes;  ApoE-4,  apolipoprotein  E4;  APP,  amyloid  precursor  protein;  CRP,  calcium¬ 
regulating  proteins;  DR,  dietary  restriction;  PA-Bcl,  pro-apoptotic  Bcl-2  family  members;  NTF, 
neurotrophic  factor;  ROS,  reactive  oxygen  species. 


Moreover,  in  rats  maintained  on  DR,  levels  of  HSP-70  and 
glucose-regulated  protein  78  (GRP-78)  are  increased 
locally  in  synaptic  terminals,  and  synaptic  terminals  are 
more  resistant  to  oxidative  impairment  of  transport  of  glu¬ 
cose  and  glutamate  across  the  cell  membrane  and  exhibit 
enhanced  mitochondrial  function65.  DR  might,  there¬ 
fore,  induce  a  preconditioning  response  that  enables 
synapses  to  cope  with  the  oxidative  and  metabolic  stresses 
associated  with  aging. 


Hormesis  hypothesis  for  the  beneficial 
effects  of  DR 

DR  induces  a  metabolic  stress  response 

The  ability  of  DR  to  increase  the  resistance  of  neurons  in 
rodents  to  a  broad  array  of  insults  correlates  with  changes 


in  expression  of  several  genes,  among  which  those 
encoding  chaperone  proteins  and  neurotrophic  factors 
stand  out.  Levels  of  HSP-70  and  GRP-78  were  increased  in 
cortical,  striatal  and  hippocampal  neurons  of  DR  rats 
compared  with  rats  fed  ad  libitum  (Fig.  6),  whereas  levels 
of  HSP-60  were  unchanged51,52.  Whereas  DR  might 
reduce  the  expression  of  chaperones  induced  by  oxidative 
stress  owing  to  reduced  steady  state  levels  of  oxidants  as 
suggested  by  microarray  data,  it  appears  to  induce  chap¬ 
erones  and  other  protective  factors  involved  in  a  ‘meta¬ 
bolic  stress  response’.  These  might  be  protective  against 
age-related  dysfunction,  as  demonstrated  by  HSP-70  and 
GRP-78,  which  protect  neurons  against  excitotoxic  and 
oxidative  insults66,67.  This  ‘preconditioning’  effect  could 
contribute  to  the  beneficial  effects  of  DR  in  the  AD,  PD, 
HD  and  stroke  models  described  previously.  That  a  mod¬ 
erate  energetic  stress  is  sufficient  to  account  for  the 
neuroprotective  effects  of  DR  is  further  supported  by 
studies  showing  that  administration  of  2-deoxy-D-glu- 
cose  (a  non-metabolizable  analog  of  glucose)  to  animals 
fed  ad  libitum  increases  the  resistance  of  neurons  in  PD  and 
stroke  models51 ,52.  Interestingly,  the  beneficial  stress 
response  induced  by  DR  and  2-deoxy-D-glucose  in 
rodents  can  be  detected  at  the  level  of  synapses68.  Long¬ 
term  dietary  supplementation  with  2-deoxy-D-glucose  in 
rats  results  in  physiological  changes  resembling  DR, 
including  decreased  plasma  glucose  and  insulin  levels69 
consistent  with  a  shared  cellular  mechanism. 

DR  induces  neurotrophic  factors  and 
neurogenesis 

More  recent  studies  show  that  levels  of  several  neuro¬ 
trophic  factors,  most  notably  BDNF,  increase  in  hippo¬ 
campal  and  cortical  neurons  of  rats  and  mice  maintained 
on  a  DR  feeding  regime34’70  (Fig.  6).  BDNF  protects  neur¬ 
ons  against  excitotoxic,  oxidative  and  metabolic  insults  in 
various  experimental  models  of  neurodegenerative  disor¬ 
ders33.  BDNF  and  other  neurotrophic  factors  have  also  been 
shown  to  exert  beneficial  effects  on  synaptic  plasticity  and 
might  thereby  facilitate  learning  and  memory7 1 .  Increased 
BDNF  production  might  be  a  necessary  event  in  the  neuro¬ 
protective  effect  of  DR  because  infusion  of  a  BDNF  block¬ 
ing  antibody  into  the  lateral  ventricles  of  rats  maintained 
on  DR  significantly  attenuates  the  protective  effect70. 

Work  performed  during  the  past  decade  has  estab¬ 
lished  that  the  adult  mammalian  brain  contains  popula¬ 
tions  of  neural  progenitor  cells  (NPCs)  that  are  capable  of 
dividing  and  then  differentiating  into  neurons  or  glial 
cells  in  a  process  called  neurogenesis.  Such  NPCs  are  most 
abundant  in  the  subventricular  zone  and  the  dentate 
gyrus  of  the  hippocampus72  and  might  provide  a  reser¬ 
voir  that  can  be  used  to  replace  neurons  or  glia  under 
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conditions  of  increased  environmental  demands  or  brain 
injury.  Indeed,  neurogenesis  can  be  stimulated  by 
ischemic  and  excitotoxic  brain  injuries73,74,  by  physical 
exercise75  or  by  rearing  animals  in  an  enriched  environ¬ 
ment76.  The  capacity  of  the  brain  for  neurogenesis  might 
decrease  during  aging77  and  DR  has  been  shown  to 
increase  the  number  of  newly  generated  neural  cells  in 
the  dentate  gyrus  of  the  rat  hippocampus34  Additional 
data  in  this  study  indicated  a  role  of  increased  production 
of  BDNF  in  the  beneficial  effect  of  DR  on  NPC. 
Collectively  the  findings  on  the  regulation  of  NPC  by 
environmental  factors,  aging  and  DR  are  consistent  with  a 
hormesis  mechanism  in  which  DR  stimulates  brain  cells 
to  produce  neurotrophic  factors  and  other  proteins  that 
enhance  the  plasticity  and  survival  of  NPC  and  neurons. 

Future  directions 

Gene  expression  profiling  provides  a  powerful  tool  to 
identify  global  changes  in  gene  expression  that  are  asso¬ 
ciated  with  either  successful  aging  or  neurodegenerative 
disorders.  However,  these  observations  should  be  vali¬ 
dated  biologically  to  determine  cellular  localization  and  to 
verify  a  corresponding  change  in  the  levels  of  the  encoded 
proteins.  A  further,  crucial  step  is  to  move  beyond  identi¬ 
fying  associations,  and  establish  cause-effect  relationships. 
Only  this  way  can  we  determine  which  changes  in  gene 
expression  are  causally  involved  in  age-related  neuronal 
dysfunction  and  degeneration,  and  which  changes  are 
adaptive  responses.  The  same  applies  to  understanding  the 
mechanisms  whereby  DR  reduces  the  risk  for  age-related 
diseases.  For  example,  are  increases  in  levels  of  neuro¬ 
trophic  factors  and  chaperone  protein  sufficient  to  account 
for  the  beneficial  effects  of  DR? 

Although  progress  has  been  rapid  in  identifying 
genetic  factors  and  biochemical  cascades  involved  In  the 
pathogenesis  of  age-related  neurodegenerative  disorders, 
molecular  mechanisms  of  aging  per  se  have  been  elusive. 
However,  the  involvement  of  oxidative  stress  and  meta¬ 
bolic  disturbances  is  repeatedly  indicated.  Oxyradical- 
and  energy  metabolism  are  highly  complex  and  there 
are,  therefore,  many  possible  sites  for  dysregulation  in 
aging  and  modulation  by  DR.  Additional  regulatory  sys¬ 
tems  implicated  in  the  aging  process  are  those  involved 
in  cell  proliferation  and  survival,  and  ion  homoeostasis. 
Perhaps  more  than  in  any  other  type  of  organ,  the  func¬ 
tion  of  the  nervous  system  depends  upon  highly  specific, 
intricate  intercellular  signaling  networks  whose  regula¬ 
tory  mechanisms  extend  beyond  gene  transcription.  It  is, 
therefore,  essential  to  understand  such  mechanisms  at 
the  level  of  protein  interactions  within  individual  cells, 
organelles  and  synapses.  Proteomic  technologies  are 
improving78  and,  combined  with  various  imaging 


Figure  6,  Dietary  restriction  increases  levels  of  stress  proteins  and 
neurotrophic  factors  in  the  brain 

(a)  Immunoblot  showing  the  relative  levels  of  HSP-7G,  GRP-78  and  HSP-60  in  striatal  tissue  from  rats 
maintained  for  three  months  on  either  AL  or  DR  feeding  regimes.  <b)  In  situ  hybridization 
autoradiograms  of  the  relative  levels  of  mRNA  encoding  BDNF  in  the  hippocampus  and  overlying 
cerebral  cortex  in  brain  sections  from  rats  maintained  for  three  months  on  either  AL  or  DR  feeding 
regimes.  DR  increases  mRNA  encoding  BDNF  in  GA1  pyramidal  neurons  and  cerebral  cortical 
neurons,  (c)  BDNF  immunoreactivity  in  the  cerebral  cortex  of  rats  maintained  for  three  months  on  either 
AL  or  DR  feeding  regimes.  BDNF  concentrations  increase  in  dendrites  of  many  cortical  neurons 
following  DR,  Abbreviations:  AL,  ad  libitum;  BDNF,  brain-derived  growth  factor;  CA,  cornu  ammonis; 
DR,  dietary  restriction;  GRP-78,  glucose-regulated  protein  78;  HSP-70,  heat  shock  protein  70, 

methods,  will  reveal  the  molecular  dynamics  that  main¬ 
tain  homeostasis  and  mediate  plasticity  in  the  brain. 

Understanding  such  molecular  interactions  and  their 
genetic  and  environmental  regulation  will  be  a  major 
challenge  in  the  fields  of  brain  aging  and  neuro¬ 
degenerative  disorders. 
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Huntington’s  disease:  new  hope 
for  therapeutics 


Cynthia  T.  McMurray 

Huntington’s  disease  (HD)  is  one  of  eight  progressive  neurodegenerative  disorders  in 
which  the  underlying  mutation  is  a  CAG  expansion  encoding  a  polyglutamine  tract. 
There  are  currently  no  cures  or  even  effective  therapies  for  HD.  Effective  strategies 
have  remained  elusive  because  little  is  known  about  either  the  mechanisms  of 
expansion  or  the  mechanism  of  polyglutamine-mediated  neuronal  death.  However, 
recent  advances  in  understanding  the  basic  mechanisms  of  expansion  and  toxicity  have 
renewed  hope  that  a  therapeutic  strategy  might  someday  be  possible.  Strategies 
effective  in  the  treatment  of  HD  are  likely  to  be  relevant  in  the  treatment  of  a  range  of 
neurological  and  neurodegenerative  disorders. 
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Huntington’s  disease  (HD)  is  one  of  eight  dominantly 
inherited  and  progressive  neurodegenerative  disorders  in 
which  the  underlying  mutation  is  caused  by  a  CAG  expan¬ 
sion  within  the  coding  sequence  of  the  affected  gene 
(Fig.  I)1,2.  Expansion  causes  disease  when  the  CAG  triplet 
in  the  mutated  allele  exceeds  that  of  the  normal  range1-3. 
However,  a  feature  that  distinguishes  trinucleotide  expan¬ 
sion  is  the  non-Mendelian  form  of  inheritance3;  the  repeat 
number  can  grow  in  each  successive  transmission  (Fig.  1  a) . 
Each  CAG  triplet  codes  for  the  amino  acid  glutamine.  As  the 
CAG  repeat  number  grows,  the  growing  polyglutamine 
tract  produces  an  HD  gene  product  (called  huntingtin) 
with  increasingly  aberrant  properties  that  cause  the  death 
of  brain  cells  controlling  movement,  memory  and  behav¬ 
ior1-3  (Fig.  lb).  Above  36  CAG  repeats,  loss  of  brain  cells 
(primarily  in  the  striatum  and  cortex)  causes  the  personal¬ 
ity  changes,  cognitive  decline  and  uncontrolled  muscle 
movements  (termed  ‘chorea’)  that  are  characteristic  of  the 
disease1-3  (see  also  the  Hereditary  Disease  Foundation’s 
website  at  http:/ / www.hdfoundation.org).  However,  onset 
and  severity  of  symptoms  are  strongly  influenced  by  the 
number  of  CAG  repeats  in  the  disease  allele1-3.  In  individ¬ 
uals  with  36  CAG  triplets,  symptoms  can  go  unnoticed  or 
develop  mildly  late  in  life.  As  the  CAG  triplet  number 
grows,  those  affected  develop  more  severe  features  at  a 
younger  age  (Fig.  la).  Once  symptoms  begin,  death  usual¬ 
ly  occurs  within  15-20  years1-3. 


There  is  currently  no  cure,  or  even  an  effective 
therapy,  to  offset  the  decline  in  mental  and  motor  capac¬ 
ity  suffered  by  those  affected  by  HD.  However,  recent 
advances  in  understanding  have  provided  new  hope  that 
a  therapeutic  strategy  might  one  day  be  possible. 

Therapy  at  the  DNA  level 

The  strong  dependence  of  the  character  of  the  disease  on 
the  CAG  repeat  length  has  raised  the  possibility  that  stop¬ 
ping  expansion  at  the  DNA  level  might  be  an  effective 
therapeutic  strategy.  Recent  studies  in  mice  have  sug¬ 
gested  that  the  inherited  distribution  of  CAG  repeat 
lengths  of  expanded  transgenes  remains  stable  after 
birth.  However,  at  around  1 1  weeks  of  age,  somatic 
expansion  is  observed  in  almost  every  tissue  of  the  body 
and  continues  throughout  the  lifetime  of  the  animal4. 
Age-dependent  expansion  is  particularly  prominent  in 
the  brain4,5.  Thus,  it  is  possible  that  tissues  preferentially 
affected  in  disease  contain  huntingtin  gene  products 
with  more  and  longer  polyglutamine  tracts.  Although 
this  phenomenon  has  not  been  confirmed  in  humans, 
there  is  intense  interest  in  determining  whether  the 
age-dependent  increases  in  the  polyglutamine  tracts 
length  are  related  to  the  onset  of  disease. 

Early  efforts  to  stop  expansion  were  hampered 
because  the  genetic  mechanism  was  poorly  understood. 
Recent  findings,  however,  have  confirmed  that  CAG 
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expansion  occurs  during  the  repair  of  strand  breaks  and 
implicates  the  mismatch  repair  system  in  the  mutation 
process4. 

Mechanism  of  expansion  and  possible 
therapeutic  implications 

It  had  been  speculated  that  expansion  occurs  by  polym¬ 
erase  slippage  during  cell  proliferation  or  meiotic  recom¬ 
bination  (in  sperm).  By  following  CAG  expansion  in 
transgenic  R6/ 1  mice,  however,  it  has  been  observed  that 
expansion  occurs  during  post-mitotic  phases  in  the  brain 
and  in  the  sperm  of  male  animals.  R6/1  mice 
harbor  a  single  Integrated  copy  of  a  transgene  containing 
a  CAG  repeat  in  exon  1  of  the  human  huntingtin  gene 
(hHD)5.  In  germ  cells,  expansion  occurs  late  in  sperm 
development  -  at  the  point  when  cells  called  spermatids 
differentiate  into  mature  sperm4.  This  is  significant 
because  spermatids  are  haploid  cells  that  are  both  post¬ 
mitotic  and  post-meiotic.  Therefore,  CAG  expansion 
cannot  depend  on  mitotic  replication  or  meiotic  recom¬ 
bination  and  must  arise  from  the  repair  of  strand  breaks. 
Break  repair  is  also  implicated  as  the  mechanism  in 
neurons  -  the  age-dependent  expansion  is  observed  in 
the  adult  mouse  brain  at  a  time  when  neurons  are  also 
post-mitotic4’6. 

Expansion  occurs  when  CAG/CTG  loops  are  trapped 
in  the  DNA  after  gap  repair  synthesis  (Fig.  2)4.  It  has  long 
been  recognized  that  expansion  depends  in  some  way  on 
the  ability  of  expansion-capable  repeats  to  form  sec¬ 
ondary  structures3.  Then,  at  the  site  of  the  break,  gaps  can 
arise  when  CAG  repeats  form  stable  hairpin  loops  (Fig.  2). 
Repair  of  the  gaps  traps  DNA  loops,  which  are  the  pre¬ 
cursors  for  expansion.  DNA  loops  can  also  be  trapped  by 
slippage  within  the  repeat  region  during  repair-depen- 
dent,  gap-filling  synthesis4  (Fig.  2). 

A  big  surprise  was  the  discovery  that  the  mismatch 
repair  system,  the  normal  function  of  which  is  to  remove 
mispaired  bases  and  loops  from  DNA,  plays  a  causative 
role  in  the  mutation4’7.  As  shown  by  mating  hHD  (R6/ 1 ) 
animals  with  Msh2-/-  animals,  the  absence  of  Msh2  com¬ 
pletely  abolished  germ  line  expansion  and  age-depen¬ 
dent,  somatic  expansion4*7.  It  is  suspected  that  an  Msh2 
complex  binds  and  stabilizes  the  mispaired  bases  in  the 
stems  of  the  CAG  hairpins4.  Hairpins  that  form  from  CAG 
repeats  contain  an  A-A  mismatch  base  every  third  pos¬ 
ition  between  two  Watson-Crick  C-G  pairs3.  Stable 
hydrogen  bonding  within  a  contorted  DNA  template 
could  abort  a  crucial  step  of  recognition  or  coupling  of 
the  mismatch  repair  system8. 

The  finding  that  loss  of  Msh2  attenuates  expansion  in 
animals  provided  the  first  evidence  that  expansion  can  be 
stopped  in  vivo,  and  has  raised  the  hope  that  a  therapeutic 
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Figure  1,  Effects  of  CAG  expansion  in  the  huntingtin  gene 

(a)  Expansion  in  huntingtin  decreases  the  age  of  onset  in  those  affected,  A  representative  two- 
generation  pedigree  of  an  HD  family.  Squares  are  males;  circles  are  females.  Red  boxes  indicate 
affected  individuals.  Open  circles  are  unrelated  spouses.  Green  numbers  represent  CAG  repeat 
number  in  each  allele  of  the  affected  family  members.  Small  green  letters  indicate  the  alleles  present  in 
father-to-son  transmission.  The  unlettered  repeat  number  (blue)  is  a  normal  allele  inherited  from  the 
mother.  The  number  in  brackets  represents  the  size  of  the  CAG  expansion  during  inheritance.  Age  of 
onset  of  symptoms  is  indicated  on  the  left  in  years.  <b)  The  relationship  between  HD  pathophysiology 
and  CAG  repeat  number  (left).  In  this  schematic  representation  of  the  HD  gene,  the  open  bar 
represents  the  coding  region  of  the  Huntington’s  gene  (called  huntingtin);  the  lines  indicate  the  non¬ 
coding  portions  of  the  gene;  the  small  red  bar  indicates  the  position  of  the  CAG  repeat  stretch  located 
within  the  N-terminal  portion  of  the  coding  sequence.  The  inverted  triangle  represents  an  increasing 
number  of  CAG  repeats.  The  base  of  triangle,  in  white,  represents  unaffected  individuals  with  6-29 
CAG  repeats;  dotted  lines  indicate  unaffected  carriers  for  disease  with  29-35  CAG  repeats  and  the 
red  part  of  the  triangle  indicates  affected  individuals  with  36-1 20  CAG  repeats.  Regions  of  neuronal 
loss  in  HD  are  shown  on  the  right  Red  regions  indicate  the  major  areas  of  neuronal  loss  in  HD  patients 
with  36-1 20  CAG  repeats;  these  brain  regions  control  movement.  Abbreviations:  C/P, 
caudate/putamen;  CTX,  cortex;  GR  globus  pallidus;  STN  subthalamic  nucleus;  VL  ventrolateral 
thalamic  nucleus;  SN  substantia  nigra. 


intervention  of  a  repair  complex  could  be  used  to  attenuate, 
or  at  least  delay,  onset  of  disease.  Although  complete  elim¬ 
ination  of  the  Msh2  repair  function  is  unlikely  to  be  ben¬ 
eficial,  the  mechanism  by  which  Msh2  is  involved  in 
expansion  might  reveal  pathways  and  points  of  interven¬ 
tion  that  could  be  useful  In  a  potential  therapy. 
Additionally,  it  has  been  suggested  that  the  mutational 
Toad5  caused  by  age-dependent  expansion  could  initiate  a 
DNA  damage  response  resulting  in  cell  death.  If  this  is 
correct,  Inhibition  of  damage-induced  apoptosis  could  be 
therapeutic  (see  ‘Caspase  inhibition5  later  in  the  review). 

Therapy  at  the  protein  leveh  managing  the 
toxic  effects  of  the  mutant  huntington  protein 

Interfering  with  huntingtin-mediated  aggregation 

Stopping  CAG  expansion,  even  if  successful,  will  at  best 
prevent  disease  progression  and  diminish  disease  severity. 
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Figure  2.  Model  for  expansion  by  gap  repair 

(a)  After  a  strand  break,  gaps  can  form  by  folding  of  CAG/CTG 
repeats  into  hairpins.  Hairpins  comprising  CAG  repeats  form  a 
repeating  unit  of  an  A-A  mismatch  base  every  third  position  (dot  in 
the  hairpin  stem)  between  two  Watson-Crick  C-G  pairs  (lines  in 
hairpin  stem).  Msh2  might  stabilize  loop  structures. 

(b)  Consequently,  Msh2  binding  prevents  the  reannealing  of  the 
complementary  strands  at  the  break  site  and  increases  the  lifetime 
of  the  gap,  forcing  its  repair.  As  haploid  cells  contain  only  one 
complement  of  the  chromosomes,  repair  is  not  possible  through 
genetic  exchange  with  a  homologous  chromosome  or  a  sister 
chromatid.  Repair  can  occur  through  a  simple  'fill-in'  reaction  or  by 
gene  conversion  in  which  the  DNA  loop  invades  a  CAG  repeat 
region  in  a  non-homologous  chromosome.  Loops  of  DNA  can  be 
introduced  into  the  DNA  either  at  the  site  of  the  break  by  folding  of 
CAG/CTG  repeats  into  secondary  structure  or  at  the  break  or 
during  gap  repair  synthesis  (b).  (c)  Gap  filling  synthesis  followed  by 
ligation  results  in  loop  trapping  and  gain  of  DNA  at  the  site  of  the 
break  (bottom). 

Therefore,  more  emphasis  has  been  placed  on  develop¬ 
ing  therapeutic  strategies  to  offset  or  prevent  toxicity 
induced  by  the  mutant  huntingtin  protein.  Mutation 
analysis  and  transgenic  animal  models  for  disease  have 
unequivocally  identified  the  expanded  polyglutamine 
tract  as  key  in  toxicity1-3.  As  with  the  expansion,  the 
mechanisms  by  which  the  polyglutamine  tracts  kill 
neurons  are  unclear  and  the  function  of  huntingtin  pro¬ 
tein  is  unknown.  Polyglutamine  regions  self-associate  to 
form  polar  zippers  (p-strands  that  assemble  into  sheets 
or  barrels  by  hydrogen  bonding)9,  promoting  aggre¬ 
gation.  In  HD-affected  areas  of  the  caudate  and  cortex, 
immunochemical  detection  reveals  that  mutant 
huntingtin  protein  forms  high  molecular  weight  com¬ 
plexes  and  inclusion  bodies1-3,5.  Despite  an  incomplete 


understanding  of  toxicity,  it  is  generally  accepted  that 
aggregation  and  sequestration  of  cellular  targets  are 
causative  factors1-3,9.  Consequently,  antibodies  and  a 
number  of  small  molecule  inhibitors  are  being  devel¬ 
oped  to  block  aggregation.  For  example,  when 
co-expressed  with  a  truncated  form  of  the  mutant  hunt¬ 
ingtin  protein,  single-chain  sFv  antibodies  have  been 
shown  to  reduce  the  number  of  visible  aggregates  in 
mammalian  cells10.  Similarly,  small  molecules  and  pep¬ 
tides  inhibitors11-13  of  huntingtin-mediated  aggregation 
are  being  developed  that  specifically  bind  to  huntingtin, 
reduce  aggregation  and  improve  cell  survival.  To  date, 
the  testing  of  new  molecules  has  been  limited  to  in  vitro 
culture  systems.  However,  future  in  vivo  studies  will 
determine  whether  modulation  of  aggregates  represents 
a  viable  approach  to  treatment  for  HD. 

Identification  of  specific  targets  of  huntingtin-medi¬ 
ated  aggregation  has  also  suggested  new  avenues  for 
therapy.  Many  cytoplasmic14  and  nuclear  proteins15  are 
reported  to  associate  with  normal  and  mutant  huntingtin. 
Cytoplasmic  targets  include  vesicular  trafficking  motors, 
ubiquitin-conjugating  enzymes,  actin- organizing  pro¬ 
teins,  and  microtubules.  Nuclear  targets  include  p53  and 
CREB  binding  protein.  Although  loss  of  any  of  these  tar¬ 
gets  might  be  deleterious  to  cell  function,  one  in  partic¬ 
ular  has  generated  intense  interest.  The  mutant  huntingtin 
protein  can  sequester  its  normal  counterpart  in  the  cell. 
Huntingtin  protein  has  essential  functions  during  devel¬ 
opment16  and  throughout  the  life  of  an  animal17.  For 
example,  it  has  recently  been  reported  that  huntingtin  can 
regulate  transcription  of  brain-derived  neurotrophic 
growth  factor  (BDNF)18.  BDNF  is  particularly  important 
for  the  growth  of  striatal  neurons;  consequently,  loss  of 
BDNF,  owing  to  huntingtin-mediated  aggregation,  could 
contribute  to  neuronal  death.  These  data  suggest  that 
treatment  with  BDNF  could  improve  neuronal  survival.  In 
addition,  sequestration  of  normal  huntingtin  could  abol¬ 
ish  a  recently  reported  anti-apoptotic  function  of  the  nor¬ 
mal  protein  that  blocks  activation  of  procaspase-9 
(Ref.  19).  Therefore,  loss  of  the  normal  huntingtin  pro¬ 
tein  by  the  mutated  gene  product  could  result  in  a  ‘func¬ 
tional  knockout’.  Indeed,  conditional  knockout  in  mice  of 
the  normal  huntingtin  protein  after  birth  in  mice  results 
in  a  progressive  neurodegenerative  phenotype  similar  to 
HD  (Ref.  17).  If  correct,  future  efforts  could  focus  on 
how  to  replace  the  function  of  the  normal  huntingtin  in 
a  manner  that  is  not  defeated  by  aggregation  of  the 
mutant  protein. 

Cellular  processes  suspected  of  being  altered  by  poly¬ 
glutamine-dependent  aggregation  have  resulted  in  the 
testing  of  several  therapeutic  strategies  for  HD.  All  of  these 
have  met  with  modest  success. 


S34 


http://tronds.com 


TINS  VoL24  No,1 1  (Suppl.)  November  2001 


A  TRENDS  Guide  to  Neurodegenerative  Disease  and  Repair  Review 


Replenishing  energy  metabolism  owing  to 
oxidative  stress 

Disruption  of  mitochondrial  function  and  glucose  metab¬ 
olism  has  been  proposed  to  mediate  neuronal  death  in 
many  neuropathological  diseases,  including  HD  (Ref  20). 
In  human  HD  patients,  magnetic  resonance  imaging  con¬ 
firms  that  creatine  (which  is  a  free-radical  scavenger,  a 
substrate  for  the  enzyme  creatine  kinase  and  a  precursor 
for  ATP)  is  depleted21.  Similarly,  in  ceils  expressing  the 
mutant  huntingtin  protein,  mitochondria  do  not  readily 
take  up  cationic  dyes  that  depend  on  intact  charge  gradi¬ 
ents22.  These  data  indicate  that  mitochondria!  membrane 
potential  is  impaired  because  of  expression  of  the  poly¬ 
glutamine  protein.  In  rats,  systemic  administration  of  the 
mitochondrial  complex  II  inhibitor,  3-nitropropionic 
add,  causes  neurobehavioral  and  pathological  abnormali¬ 
ties  consistent  with  HD  (Ref  23)  and,  in  HD  patients,  the 
caudate  has  severe  defidendes  in  mitochondrial  com¬ 
plexes  II  and  III  (Ref.  24).  Finally,  in  affected  striatal  and 
cerebral  regions  of  the  brain,  glucose  metabolism  is 
decreased  and  precedes  bulk  tissue  loss  in  HD  patients24. 
Taken  together,  these  data  point  to  impairment  of  mito¬ 
chondrial  function  as  contributing  factor  In  HD. 

If  mitochondrial  deficits  and  ATP  depletion  play  a 
role  in  HD,  then  replenishing  impaired  energy  metabo¬ 
lism  might  offset  toxidty  by  restoring  ATP  levels. 
Indeed,  the  survival  rate  of  animals  treated  with  dietary 
creatine  does  increase  in  both  R6/2  transgenic  mice25 
(which  are  the  same  as  R6/ 1  mice  but  with  a  larger  CAG 
tract5)  and  in  mice  subjected  to  systemic  administration 
of  3-nitropropionic  acid26.  In  both  sets  of  animals,  crea¬ 
tine  not  only  improved  survival  but  also  delayed  striatal 
atrophy  and  the  formation  of  neuronal  inclusions25,26. 
Despite  improvements  in  the  animals,  supplementation 
with  creatine  has  not  yet  proven  effective  in  offsetting 
disease  progression  in  human  clinical  trials27.  Efficacy 
was  also  absent  in  an  earlier  study  of  another  free-radi¬ 
cal  scavenger,  OPC-141 1 7  (Ref.  28).  In  both  cases,  how¬ 
ever,  the  compounds  were  well  tolerated  with  no  adverse 
side-effects.  Studies  with  larger  patient  groups  are 
planned  for  creatine  and  clinical  trials  are  now  underway 
to  evaluate  the  efficacy  of  co-enzyme  Q,  another  free- 
radical  scavenger  that  improves  energy  production  in 
mitochondria26.  However,  even  if  these  agents  are  pro¬ 
tective  they  are  unlikely  to  be  a  permanent  cure  or  ther¬ 
apy,  but  might  prove  efficacious  In  combination  with 
other  treatments. 

Glutamate  excitotoxicity 

Among  the  affected  cells  in  HD  are  specialized  brain  cells 
in  the  striatum  called  medium  spiny  neurons29.  These 
neurons  contain  many  small  'spines'  that  are  rich  in 


excitatory  N-methyl-o-aspartate  (NMDA)  receptors.  As 
expression  of  mutant  huntingtin  has  recently  been 
reported  to  enhance  excitotoxic  death  in  cultured  cells30, 
trials  are  now  underway  to  study  the  effects  of  glutamate 
receptor  blockers  In  HD  patients.  Clinical  trials  for  lam- 
otrigine  have  already  been  completed31.  Lamotrigine  is 
an  anti-epileptic  drug  that  blocks  voltage-gated  sodium 
channels,  thus  Inhibiting  glutamate  release3  !*32.  Although 
lamotrigine  was  successful  in  reducing  chorea  in 
patients,  it  failed  to  affect  disease  progression31,32. 
Currently,  trials  are  underway  to  test  the  efficacy  of 
remacemide32,  another  blocker  of  this  receptor-mediat¬ 
ed,  excitatory  pathway. 

Caspase  inhibition 

Damaged  cells  can  be  removed  by  initiating  a  pro¬ 
grammed  pathway  to  cell  death  mediated  by  caspase 
activation33.  It  has  recently  been  suggested  that  hunt- 
ingtin-mediated  aggregation  might  induce  activation  of 
important  initiator  caspases  9  (Ref.  19),  -8  and  -10 
(Ref.  34).  Activated  caspases  8  and  10  appear  to  be 
recruited  to  the  insoluble  fraction  in  homogenates 
derived  from  HD  brains34.  Initiator  caspases  are  respon¬ 
sible  for  cleavage  and  activation  of  downstream  effector 
caspases,  such  as  caspase  3  (Ref.  33).  Interestingly,  cas¬ 
pase  3  cleavage  of  the  mutant  huntingtin  protein  gener¬ 
ates  a  small,  N-terminal  peptide  containing  the 
expanded  polyglutamine  region,  and  cells  transfected 
with  this  N-terminal  fragment  form  nuclear  Inclusions 
and  undergo  apoptosis35.  Similarly,  mice  expressing  a 
truncated  N-terminal  fragment  of  huntingtin  display 
inclusions  and  a  progressive  neurological  phenotype, 
although  neuronal  loss  is  not  necessarily  observed5,36. 
These  data  have  given  rise  to  the  'toxic  peptide*  theory  of 
pathogenesis  in  which  a  small  N-terminal  fragment  con¬ 
taining  the  expanded  polyglutamine  region  must  be 
generated  to  mediate  toxicity.  Unambiguous  proof  that 
caspase  cleavage  of  huntingtin  occurs  In  vivo  has  not  yet 
been  demonstrated  and  the  full-length  mutant  protein  is 
not  easily  degraded  In  transgenic  animals29.  Thus,  it 
is  still  not  known  if  it  is  the  full  length  or  truncated 
form  of  huntingtin  that  initiates  early  events  of  HD 
pathophysiology. 

If  caspase  activation  occurs  early  enough  in  disease 
progression  then  disease  onset  could  be  blocked  by  the 
use  of  caspase  inhibitors,  which  might  provide  protec¬ 
tion  by  blocking  a  general  cell  death  pathway,  by  pre¬ 
venting  the  formation  of  toxic  N-terminal  fragment,  or 
both.  Indeed,  several  attempts  to  rescue  the  HD  pheno¬ 
type  in  mice  by  using  caspase  inhibitors  have  been 
reported.  For  example,  Ona  and  colleagues  reported  that 
caspase  1  is  activated  in  the  brains  of  both  mice  and 
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Figure  3.  ‘Tet-off  regulation  of  huntingtin  in  the  mouse 


(a)  Two  mouse  lines  were  generated  and  bred.  The  first  contained  the  tetracycline  trans activator 
(TetAct)  under  control  of  the  calmodulain  kinase  I!  promoter  (CamKII).  TetAct  is  a  fusion  protein 
between  the  tetracycline-responsive  repressor  and  the  activation  domain  of  the  herpes  simplex  VP-1 6 
transcriptional  activator.  TetAct  binds  to  the  tetracycline-responsive  operator  sequence  and  activates  a 
linked  gene.  The  second  mouse  contained  a  truncated,  recombinant  HD  transgene  (CMV-TetO-HD). 
The  transgene  contained  only  exon  1  of  the  human  huntingtin  gene,  with  a  CAG  repeat  of  94  driven 
by  a  cytomegaloviral  promoter  (CMV)  engineered  to  contain  a  tetracycline-responsive  operator 
sequence  (TetO).  Progeny  of  the  breeding  contain  both  transgenes  and  are  capable  of  antibiotic 
regulation  of  the  HD  transgene  expression,  (b)  To  regulate  HD  expression,  progeny  mice  are  exposed 
to  doxycycline  (Dox)  in  the  drinking  water  (+Dox).  Dox  is  a  stable  derivative  of  tetracycline  that  binds  to 
the  TetAct  and  causes  dissociation  from  the  TetO.  As  TetAct  is  required  for  CMV-TetO-HD  expression, 
dissociation  abolished  production  of  the  toxic  huntingtin  gene  product  (Gene  off),  (c)  When  Dox  is 
removed  from  the  drinking  water  (-Dox),  TetAct  binds  to  the  operator  and  enables  expression  of  the 
toxic  huntingtin  gene  product  (Gene  on).  The  black  circle  is  doxycycline  (D);  open  bars  represent  the 
cDNAs  of  the  respective  genes;  lines  represent  the  promoter  elements;  arrows  represent  the 
transcriptional  strat  sites. 


that  crosses  the  blood-brain  barrier  and  inhibits  caspases 
1  and  3  (Ref.  39). 

Like  creatine  treatment,  caspase  inhibition  appears 
promising  as  a  therapeutic  approach,  it  merely  delays  dis¬ 
ease  progression  in  animals,  being  unable  to  prevent  it. 
Thus,  these  compounds  are  not  expected  to  cure  HD; 
rather,  it  is  hoped  that  they  will  improve  symptoms  and 
survival. 

The  approaches  discussed  above  have  in  common  a 
strategy  to  offset  or  to  manage  the  toxic  effects  produced 
by  the  expanded  huntingtin  protein.  Recently,  however, 
several  approaches  have  been  aimed  at  cure  or  prevention 
of  disease. 

Transplantation 

Polyglutamine  aggregation  leads  to  the  death  of  several 
neurons.  To  offset  the  severe  phenotype  that  ensues,  surgi¬ 
cal  strategies  have  been  developed  in  which  transplantation 
of  embryonic  stem  cells  replaces  lost  neurons  in  the  stri¬ 
atum40.  Embryonic  grafts  placed  in  quinolinic-acid-treated 
animals  improved  motor  functions  such  as  paw  reaching. 
Furthermore,  neural  precursors  develop  synaptic  connec¬ 
tions  and  express  neural  antigens  and  many  markers  of 
mature  differentiation41.  These  studies  suggest  an  exciting 
avenue  for  therapeutic  intervention  in  severe  cases.  The 
success  of  grafting  is  sensitive  to  the  age  of  the  donor,  the 
time  of  the  graft  placement  and  the  degree  of  neuronal  loss 
in  the  host40,41,  and  can  be  improved  by  treating  animals 
with  caspase  inhibitors42.  This  approach  is  highly  invasive 
and  will  be  useful  only  at  later  stages  of  disease  progres¬ 
sion.  However,  if  effective,  defective  neurons  would  be 
replaced  with  normal  ones  that  lack  the  mutant  gene. 


humans  with  HD  (Refs  37,38).  R6/2  transgenic  mice 
treated  by  intracerebroventricular  injection  of  caspase  1 
inhibitors37  or  3 -propionic-acid-challenged  animals 
that  express  a  dominant-negative  caspase- 1  (Ref.  38), 
displayed  improved  motor  function  and  significantly 
delayed  onset  of  symptoms  and  mortality.  The  N-termi- 
nal  human  huntingtin  fragment  present  in  R6/2  mice 
is  an  approximately  75-amino-acid  protein,  in  addition 
to  the  glutamines,  and  contains  no  caspase  1  cleavage 
sites.  Therefore,  caspase  1  inhibition  cannot  be  acting 
by  preventing  N-terminal  cleavage  of  the  mutant  hunt¬ 
ingtin  protein. 

It  has  therefore  been  speculated  that  blocking  a  gen¬ 
eral  programmed  death  pathway  might  improve  survival 
of  affected  brain  cells.  Indeed,  clinical  trials  are  planned  to 
test  the  efficacy  of  minocycline,  an  inhibitor  of  cell  death 
pathways  that  has  improved  survival  in  animals39. 
Minocycline  is  a  derivative  of  the  antibiotic  tetracycline 


Inhibition  of  protein  expression  from  the 
mutant  allele 

An  ideal  approach  would  be  to  eliminate  the  expression 
of  the  mutant  protein  before  toxic  effects  occur.  Such  an 
approach  could  prove  effective  because  function  does  not 
appear  to  be  sensitive  (within  limits)  to  the  amount  of 
expressed  gene  product  in  HD  patients.  Individuals  can 
vary  by  as  much  as  50%  in  their  huntingtin  protein  con¬ 
tent  without  developing  disease  (Ref.  36  and  references 
therein).  Because  normal  huntingtin  is  required  for  devel¬ 
opment1617,  however,  inhibition  of  the  mutant  allele  is 
expected  to  be  beneficial  only  if  expression  from  the 
normal  allele  is  preserved.  Few  anti-gene  or  antisense 
strategies  have  been  reported43,44.  Attempts  using 
oligonucleotides  specifically  to  reduce  the  expression  lev¬ 
els  of  the  mutant  allele  have  been  limited  to  cell  culture 
and  have  met  with  limited  success.  For  example,  antisense 
oligonucleotides  targeting  the  methionine  initiation 
codon  and  exon  1  (the  —25  to  +35  region  of  the 


S36 


http://tronds.com 


TINS  Vol.24  No.1 1  (Suppl,)  November  2001 


A  TRENDS  Guide  to  Neurodegenerative  Disease  and  Repair  Review 


promoter)  can  inhibit  expression  of  a  stable  incorporated 
green-fluorescence-huntingtin  in  PC- 12  cells  to  roughly 
half  that  of  untreated  cells43.  Although  these  studies  report 
successful  reduction  in  the  protein  levels,  whether  a 
reduction  of  50%  is  sufficient  to  rescue  cell  survival  dur¬ 
ing  long-term  culture  remains  to  be  seen.  A  larger  issue 
(that  also  remains  to  be  tested)  is  whether  this  approach 
will  be  effective  in  targeting  neural  tissue  in  whole 
animals  or  humans. 

Although  testing  of  the  antisense  and  anti-gene 
approaches  is  in  its  infancy,  recent  studies  confirm  that 
selective  inhibition  of  the  expanded  Huntington  s  allele 
is  likely  to  be  an  effective  strategy36.  Using  a  ‘tet-ofF  reg¬ 
ulable  huntingtin  transgene  (Fig.  3),  Yamamoto  and 
colleagues36  were  able  to  control  the  expression  of  the 
mutant  truncated  protein  in  mice.  In  the  absence  of 
doxycycline  in  the  drinking  water  (‘gene  on’  condi¬ 
tion),  these  animals  developed  inclusion  bodies,  pro¬ 
gressive  clasping  response,  tremors,  general  brain 
atrophy,  an  increased  ventricular  size  and  reactive  astro- 
eytosis36.  All  of  these  effects  evolved  between  3  and 
18  weeks  of  age.  However,  restoration  of  doxycycline 
(2  mg  ml-1;  "gene  off  condition)  at  18  weeks  of  age 
had,  by  34  weeks,  reversed  the  clasping  phenotype, 
reduced  the  incidence  of  inclusions  to  nearly  that  of 
control  mice,  and  attenuated  or  improved  neuropathol¬ 
ogy.  These  data  in  mice  provide  important  proof  of  prin¬ 
ciple  that  specific  Inhibition  of  the  expanded  huntingtin 
allele  can  indeed  reverse  the  disease  phenotype  if  the 
normal  gene  expression  is  maintained.  However,  the 
identification  of  a  small  molecule  that  can  effect  selective 
inhibition  in  vivo  still  remains  to  be  achieved.  This  might 
be  no  easy  task  because  the  mutant  and  normal  hunt¬ 
ingtin  alleles  have  few  sequence  variations  to  target  out¬ 
side  of  the  CAG  tract  length. 

Carriers  of  the  expanded  HD  allele  can  be  genetically 
identified  long  before  clinical  symptoms  develop.  Early 
detection  and  late  onset  of  disease  render  HD  patients 
particularly  well  suited  for  effective  therapeutic  interven¬ 
tion  if  this  Is  developed.  Although  effective  therapy  is  not 
yet  possible,  rapid  advances  in  the  understanding  of  the 
basic  mechanisms  of  disease  are  leading  to  expanded 
approaches  towards  therapeutic  strategies,  and  to 
renewed  hope  for  a  cure. 
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Humoral  autoimmunity  as  a  mediator 
of  CNS  repair 

Allan  J.  Bieber,  Arthur  Warrington,  Larry  R.  Pease 
and  Moses  Rodriguez 

Autoimmune  responses  directed  against  the  central  nervous  system  (CNS)  have 
generally  been  considered  pathogenic  in  nature.  Although  there  are  several  well 
understood  conditions  in  which  this  is  the  case,  there  is  also  a  growing  body  of 
experimental  evidence  to  show  that  both  the  cellular  and  humoral  immune  responses 
can  promote  tissue  repair  following  CNS  injury  and  disease.  Our  laboratory  has  used  a 
mouse  model  of  chronic  demyelinating  disease  to  characterize  a  class  of  polyreactive 
IgM  autoantibodies  that  react  with  oligodendrocyte  surface  antigens  and  promote 
myelin  repair.  By  screening  a  large  number  of  human  monoclonal  antibodies,  we  have 
found  that  IgM  antibodies  that  react  with  CNS  tissue  are  relatively  common. 
Autoreactive  IgM  antibodies  might  constitute  an  endogenous  system  for  tissue  repair, 
and  therefore  these  antibodies  could  be  of  value  as  therapeutic  reagents. 


The  central  nervous  system  (CNS)  is  often  considered  a 
site  of  *  immune  privilege1,  based,  in  part,  on  the  physical 
separation  of  CNS  tissue  from  peripheral  immune  func¬ 
tion  by  the  blood-brain  barrier.  However,  the  isolation  of 
the  CNS  is  often  imperfect,  and  there  are  many  examples 
in  human  disease  and  in  animal  models  of  disease  in 
which  both  the  cellular  and  humoral  branches  of  the 
immune  system  interact  with  the  CNS. 

Evidence  for  CNS  tissue  repair  mediated  by  the  cellular 
branch  of  the  immune  system  has  recendy  been  reviewed1  -2. 
Here,  we  review  recent  work  demonstrating  that  elements 
of  humoral  immunity  might  also  play  a  role  in  tissue  repair. 

Autoantibodies  as  pathogenic  agents 

The  existence  of  pathogenic  autoantibodies  is  well- 
established  for  several  peripheral  neurologic  syn¬ 
dromes,  including  myasthenia  gravis,  Lambert-Eaton 
syndrome,  Guillain-Barre  syndrome  and  acquired 
neuromyotonia.  Questions  concerning  antibody-medi¬ 
ated  central  nervous  tissue  injury  are  always  complicat¬ 
ed  by  issues  of  blood-brain  barrier  permeability,  but 


antibody  involvement  is  suspected  in  both  Ramussen  s 
and  Bickerstaffs  encephalitis3. 

The  involvement  of  pathogenic  autoantibodies  in  a 
particular  disease  has  generally  been  defined  based  on 
several  lines  of  experimental  and  clinical  evidence. 
Antibodies  to  a  defined  target  should  be  present  in  the 
majority  of  patients  with  the  disease.  The  presence  of 
these  antibodies  is  often  demonstrated  by  using  purified 
antibodies  as  immunostaining  reagents  on  tissues  that 
express  the  target  antigen.  Immunization  with  the  target 
antigen  should  induce  the  disease  in  experimental  ani¬ 
mals,  and  passive  transfer  of  antibody  to  non-immunized 
animals,  or  transfer  of  antibody  from  patients  with  the 
disease,  should  also  induce  disease.  Reduction  of  serum 
antibody  levels,  either  by  plasma  exchange  or  by 
immunosuppression,  usually  leads  to  clinical  improve¬ 
ment,  and  rising  antibody  levels  following  these  treat¬ 
ments  are  mirrored  by  a  return  of  clinical  symptoms. 

Criteria  such  as  these  can  define  a  role  for  pathogenic 
antibodies  in  the  development  of  a  disease.  We  have  applied 
many  of  the  same  criteria  to  define  autoantibodies  that 
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promote  tissue  repair  in  an  animal  model  of  multiple  scle¬ 
rosis  (MS),  the  most  common  human  CNS  demyelinating 
disease.  Before  we  describe  these  observations,  we  will  first 
consider  data  on  the  role  of  autoantibodies  in  human  MS. 

Autoantibodies  in  MS 

Elevated  concentrations  of  immunoglobulin  (oligoclonal 
bands)  in  the  cerebral  spinal  fluid  have  long  been  used  as 
a  diagnostic  marker  for  MS,  and  were  originally  inter¬ 
preted  as  evidence  for  the  involvement  of  the  humoral 
immune  response  in  the  pathogenesis  of  MS.  There  have 
been  many  attempts  to  identify  pathogenic  antibodies  in 
the  serum  of  MS  patients,  and  antibodies  that  are  specific 
for  a  variety  of  myelin  proteins  and  antigens  have  been 
detected,  including  antibodies  against  many  of  the  major 
myelin  proteins,  such  as  myelin  basic  protein  (MBP),  pro- 
teolipid  protein  (PLP) ,  myelin  oligodendrocyte  glycopro¬ 
tein  (MOG)  and  myelin-associated  glycoprotein  (MAG). 
However,  there  is  little  direct  evidence  that  these  antibod¬ 
ies  are  actually  involved  in  the  pathogenesis  of  MS,  and 
the  presence  of  these  antibodies  is  not  highly  specific  for 
the  disease;  antibodies  to  many  of  these  antigens  are  also 
found  in  the  serum  of  healthy  individuals  or  in  patients 
with  neurological  diseases  other  than  MS. 

Although  there  is  little  direct  evidence  to  support  a  role 
for  humoral  immunity  in  the  pathogenesis  of  MS, 
the  possibility  is  supported  by  observations  in  animals 
with  experimental  autoimmune  encephalitis  (EAE). 
Immunization  with  myelin  components  such  as  MBP  or 
PLP,  produces  EAE,  a  T-cell-mediated  inflammatory  disease 
in  which  demyelination  is  often  minimal.  However,  if 
antibodies  to  MOG  are  injected  after  induction  of  EAE,  the 
severity  of  the  disease  is  dramatically  increased  and  large 
demyelinating  lesions  develop4"6.  MOG  autoantibodies 
have  been  detected  in  association  with  disintegrating 
myelin  in  both  human  MS  patients  and  in  a  marmoset 
model  of  EAE  (Ref.  7).  These  observations  support  the 
notion  that  autoreactive  antibodies  have  the  potential  to 
induce  or  exacerbate  demyelinating  disease. 

Antibodies  against  myelin  can  promote  CNS 
remyelination 

A  direct  demonstration  that  autoreactive  antibodies  can 
enhance  endogenous  myelin  repair  came  from  studies  in 
this  laboratory  using  Theiler  s  murine  encephalomyelitis 
virus  (TMEV)  to  induce  chronic  demyelinating  disease  in 
mice8.  After  intracerebral  infection  with  TMEV,  the  virus 
replicates  in  the  gray  matter  of  the  brain,  resulting  in 
acute  encephalitis  that  is  resolved  in  14-21  days,  and 
which  is  followed  by  chronic  viral  persistence  in  spinal 
cord  white  matter.  Persistent  TMEV  infection  eventually 
leads  to  chronic  demyelination  and  progressive  loss  of 


motor  function,  a  clinical  pattern  that  is  very  similar  to 
that  observed  for  progressive  MS  in  humans.  Myelin 
pathology  in  TMEV-infected  mice  is  immune-mediated, 
with  chronically  infected  animals  demonstrating  a  wide 
range  of  disease  phenotypes,  depending  on  their  specific 
genetic  background.  In  the  SJL  strain,  demyelination  is 
evident  within  30  days  after  infection,  and  by 
1-3  months  the  animals  begin  to  develop  neurological 
deficits,  such  as  spasticity  and  gait  abnormalities,  weak¬ 
ness  of  the  lower  extremities  and  bladder  incontinence. 
Paralysis  eventually  occurs  by  6-9  months.  Spontaneous 
repair  of  damaged  myelin  is  common  in  many  mouse 
strains,  but  is  relatively  limited  in  the  SJL  strain;  often  less 
than  1 0%  of  the  total  demyelinated  lesion  area  is  repaired. 
The  relative  absence  of  spontaneous  repair  makes  this  an 
excellent  model  for  the  study  of  strategies  to  promote 
endogenous  remyelination. 

Our  initial  observation  of  a  beneficial  humoral 
immune  response  occurred  when  chronic  TMEV-infected 
mice  were  immunized  with  spinal  cord  homogenate 
(SCH)  in  incomplete  Freunds  adjuvant.  Histological 
examination  of  spinal  cord  lesions  from  immunized 
animals  revealed  substantial  CNS  remyelination  compared 
with  control  animals  that  had  been  treated  with  adjuvant 
alone.  Passive  transfer  of  antiserum9  or  purified 
immunoglobulin10  from  uninfected  animals  that  had 
been  immunized  with  SCH  also  enhanced  remyelination, 
demonstrating  a  beneficial  role  for  the  humoral  immune 
response  against  SCH  in  promoting  myelin  repair. 

To  further  explore  the  nature  of  this  beneficial 
immune  response,  hybridomas  were  generated  from  SJL 
mice  following  SCH  immunization,  in  an  attempt  to  iden¬ 
tify  monoclonal  antibodies  (mAbs)  that  promote  remyeli¬ 
nation.  Two  mouse  mAbs  that  enhance  remyelination  were 
subsequently  identified  and  designated  SCH94.03  and 
SCH79.08,  respectively.  Both  antibodies  are  polyreactive 
IgM  antibodies  and  both  bind  to  antigens  expressed  on 
the  surface  of  oligodendrocytes,  suggesting  that  the 
remyelination-promoting  activity  of  these  antibodies 
might  involve  direct  stimulation  of  myelin-producing 
cells11.  Subsequently,  four  additional  oligodendrocyte- 
specific  mouse  IgM  antibodies  were  characterized  and 
shown  to  promote  CNS  remyelination12. 

We  have  used  oligodendrocyte  binding  as  a  screening 
assay  for  the  identification  of  candidate  human  mAbs  that 
might  promote  remyelination  and  therefore  have  potential 
as  therapeutic  reagents13.  As  a  source  of  human  mAbs,  we 
used  serum-derived  human  monoclonal  IgMs  (sHIgM) 
and  serum-derived  human  monoclonal  IgGs  (sHIgG) 
isolated  from  patients  with  monoclonal  gammopathy,  a 
relatively  common  condition  characterized  by  high 
concentrations  of  monoclonal  serum  antibody.  We  tested 
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52  sHIgMs  and  identified  six  that  bound  to  the  surface  of 
morphologically  mature  rat  oligodendrocytes  in  culture, 
whereas  none  of  the  50  sHIgGs  bound.  The  oligodendro¬ 
cyte-binding  sHIgMs  were  tested  in  vivo  and  two  of  these 
(sHIgM22  and  sHIgM46)  were  found  to  have  remyeli- 
nation-promoting  activity  similar  to  that  observed  with 
the  mouse  monodonals. 

Figure  la  shows  a  well-remyelinated  lesion  from  an 
animal  treated  with  a  1  mg  intraperitoneal  injection  of  a 
serum-derived  human  monoclonal  IgM,  and  an  un- 
remyelinated  lesion  from  the  saline  treatment  group 
(Fig.  lb).  Histological  examination  of  spinal-cord  sec¬ 
tions  five  weeks  after  treatment  with  either  sHIgM22  or 
$HIgM46  antibodies  revealed  significantly  greater  repair 
of  the  lesioned  area  (17,06%  and  27.12%,  respectively), 
compared  with  animals  treated  with  saline  (6.74%) 
(Ref.  13).  In  general,  increases  in  remyelination  of 
approximately  3— 5 -fold  are  observed  after  treatment  with 
remyelination-promoting  antibodies.  We  estimate  that 
this  represents  at  least  30  000-50  000  remyelinated 
axons  in  an  antibody-treated  animal. 

We  have  tested  approximately  40  different  mAbs,  of 
varied  isotype  and  with  varying  binding  specificities, 
for  their  remyelination-promoting  potential  in  TMEV- 
infected  mice,  and  we  have  never  observed  a  significant 
increase  in  the  total  demyelinated-lesion  area  following 
antibody  treatment.  This  observation  demonstrates  that 
antibodies  with  pathogenic  potential  are  relatively 
uncommon  for  this  model  system.  We  have  tested  anti¬ 
bodies  against  MOG  and  galactocerebroside  (GalC)  that 
have  previously  been  reported  as  pathogenic  in  other 
experimental  systems4*6*  14-1S,  but  have  not  observed  sig¬ 
nificant  increases  in  the  extent  of  demyelinated  lesions 
following  five  weeks  of  antibody  treatment.  One  antibody 
against  GalC,  mAb  Ol,  actually  promotes  repair  in  this 
system12. The  reasons  for  these  differences  are  unclear,  but 
there  could  be  some  species-  and  model  specificity  to  the 
observed  effects  of  these  antibodies.  It  is  worth  noting, 
however,  that  the  patients  from  whom  sHIgM22  and 
sHIgM46  were  isolated  have  very  high  levels  of  oligoden¬ 
drocyte-reactive  antibodies  in  their  serum,  but  have 
shown  no  signs  of  neurological  disease. 

None  of  the  antibodies  that  induce  remyelination 
react  with Theilers  virus,  and  treatment  with  these  anti¬ 
bodies  does  not  decrease  virus  levels  in  infected  animals. 
Therefore,  virus  neutralization  does  not  explain  the  tissue 
repair  observed  following  antibody  treatment. 

Characteristic  properties  of  remyelination- 
promoting  antibodies 

As  outlined  above,  there  are  several  properties  that  have 
been  used  to  define  certain  autoantibodies  as  pathogenic 


agents.  Similar  criteria  can  be  applied  for  the  definition  of 
autoreactive  antibodies  that  are  involved  in  tissue  repair. 

Recognition  of  appropriate  tissues  or  molecules  is  an 
important  defining  characteristic.  All  of  the  antibodies 
that  promote  remyelination  bind  to  antigens  on  the  sur¬ 
faces  of  oligodendrocytes,  suggesting  that  these  anti¬ 
bodies  might  function  through  direct  stimulation  of  the 
myelin-producing  cells.  However,  these  antibodies  are 
highly  polyreactive  and  recognize  a  variety  of  chemical 
haptens  and  proteins  when  binding  is  assayed  by  enzyme- 
linked  immunosorbent  assay.  They  also  recognize  intracel¬ 
lular  proteins  when  used  to  stain  a  variety  of 
permeabilized  cells,  but  bind  to  a  much  more  limited 
array  of  antigens  on  the  surfaces  of  living  oligodendro¬ 
cytes.  The  oligodendrocyte  surface  antigens  that  are 
bound  by  several  of  these  antibodies  have  been  character¬ 
ized,  and  are  generally  lipid  or  carbohydrate  in  nature 
rather  than  cell  surface  proteins12*16.  Surface  staining  of  a 
cultured  oligodendrocyte  with  a  human  serum  IgM  is 
shown  in  Fig.  2(a). 

Remyelination-promoting  antibodies  appear  to  be 
naturally  occurring  autoantibodies.  Antibodies  of  this 
type  are  present  in  the  serum  of  normal  individuals  and 
are  often  polyreactive  IgM  autoantibodies  that  are  ca¬ 
pable  of  binding  to  a  variety  of  structurally  unrelated, 
self-  and  non-self  antigens17.  It  has  been  proposed  that 
these  antibodies  represent  a  primordial  form  of  the 


Figure  1, 
Remyelination  of 
Theiler’s  murine 
encephalomyelitis 
virus  (TMEV)-induced 
lesions 

SJL  mice  with  TMEV-induced 
demyelinating  lesions  were 
treated  with  either  (a)  the 
human  monoclonal  antibody 
sHlgM22  or  (b)  saline.  Spinal 
cord  cross-sections  were 
stained  for  myelin  with 
p-phenylenediamine. 
Remyelination  of  lesions  is 
significant  after  five  weeks  of 
treatment  with  a  remyelination- 
promoting  antibody  (a). 
Remyelinated  axons  (arrows) 
are  identified  by  their  relatively 
thin  myelin  sheaths  compared 
with  normal  myelin.  Thicker  and 
darker-staining  normal  myelin 
sheaths  are  visible  at  the 
bottom  of  panel  (a)  and  in  the 
upper-right  comer  of  panel  (b). 
Animals  treated  with  saline 
have  many  demyelinated 
lesions  in  the  spinal  cord; 
disintegrating  myelin  sheaths 
and  myelin  debris  are  clearly 
apparent  (b).  Scale  bars, 

25  pm. 
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Figure  2.  Natural  human  serum  IgMs  are  polyreactive  with  a  variety  of 
cell  types  within  the  central  nervous  system 

Slices  of  central  nervous  system  tissue  and  cells  were  labeled  with  human  antibodies  before  fixation  or 
freezing  to  avoid  artifacts,  (a)  sHlgM22  binds  to  the  surface  of  oligodendrocytes  obtained  from  the 
cortex  of  adult  rats,  (b)  sHlgM42  binds  to  the  surface  of  rat  cerebellar  granule  cells  after  one  day  in 
culture,  (c)  Within  a  slice  of  adult  SJL  mouse  cerebellum,  AKJR4  binds  strongly  to  the  granule  cell  layer 
(GCL)  and  a  population  of  basket  cells  within  the  molecular  layer  (ML),  (d)  sHlgM14  binds  strongly  to 
Purkinje  cells  (PC)  and  their  arborizations  as  well  as  the  central  white  matter  (WM).  (e)  sHlgM32  labels 
the  cytoskeleton  of  astrocytes  at  the  surface  of  a  slice  of  human  cortical  white  matter,  (f)  In  a  slice  of 
mouse  cerebellum,  MSI1 6  binds  strongly  to  PC  soma,  less  so  to  their  dendritic  arborizations,  and  does 
not  bind  to  the  central  white  matter.  Scale  bars  are  20  pm  in  (a),  50  pm  in  (b),  (e)  and  (0,  1 00  pm  in 
(c),  and  250  pm  in  (d). 


immune  system  that  might  have  performed  largely  phys¬ 
iological  functions18’19.  One  of  the  functions  of  this  sys¬ 
tem  of  antibodies  could  be  to  promote  tissue  repair. 
Whether  or  not  this  is  the  case,  systemic  administration 
of  these  antibodies  to  animals  with  myelin  damage 
appears  to  have  therapeutic  value  for  enhancing  repair. 

The  notion  of  an  endogenous  repair  system  is  consis¬ 
tent  with  our  initial  observation  of  enhanced  remyelina- 
tion  following  immunization  of  experimental  animals 
with  spinal  cord  homogenate  or  individual  myelin  com¬ 
ponents9.  Immunization  might  mimic  the  immune  system 
exposure  to  CNS  antigens  that  occurs  after  injury,  resulting 


in  an  up-regulation  of  natural  autoantibodies  with  CNS 
reactivity.  We  cannot  say  with  certainty  whether  the  speci¬ 
ficity  of  the  response  evoked  by  immunization  is  the  same 
as  the  endogenous  response.  However,  the  up-regulation 
of  antibodies  with  reparative  potential  following  immu¬ 
nization  is  clearly  indicated  by  the  fact  that  passive  trans¬ 
fer  of  the  immunoglobulin  fraction  from  immunized 
animals  promotes  repair  in  the  recipient10.  In  patients  with 
MS,  increases  in  myelin-reactive  antibodies  are  frequently 
observed  and  might  result  as  a  reaction  to  exposure  of  CNS 
antigens  following  tissue  damage. 

The  idea  of  a  naturally  occurring  IgM-based  system 
for  tissue  repair  is  supported  by  our  recent  observations 
that  treatment  with  normal  polyclonal  human  IgM  effec¬ 
tively  promotes  remyelination,  whereas  the  human  IgG 
fraction  is  far  less  effective13.  Our  characterization  of 
human  mAbs  from  patients  with  monoclonal  gam- 
mopathy  revealed  a  high  frequency  of  myelin-reactive 
IgM  antibodies,  further  demonstrating  that  such  antibod¬ 
ies  are  common  in  the  serum  of  individuals  with  no  his¬ 
tory  of  neurological  damage. 

The  binding  of  remyelination-promoting  antibodies 
to  the  myelin-forming  cells  of  the  CNS,  the  presence  of 
antibodies  of  this  type  in  normal  individuals,  and  their 
potential  up-regulation  in  response  to  immunization 
with  myelin  or  in  patients  with  myelin  damage,  are  all 
consistent  with  the  presence  of  an  endogenous  antibody- 
based  system  of  tissue  repair. 

Mechanisms  of  autoantibody-mediated 
remyelination 

All  of  the  remyelination-promoting  antibodies  bind  to 
oligodendrocytes  or  myelin,  and  it  seems  reasonable  to 
suggest  that  this  has  a  direct  effect  on  the  cells  being  rec¬ 
ognized.  Work  in  other  laboratories  has  demonstrated  that 
oligodendrocyte-specific  antibodies  can  cause  biochemi¬ 
cal  and  morphological  changes  in  these  cells.  Dyer  and 
colleagues  have  shown  that  antibodies  against  oligoden¬ 
drocyte  surface  epitopes,  including  antibodies  to  GalC, 
sulfatide  and  myelin/oligodendrocyte-specific  protein 
(MOSP) ,  can  induce  changes  in  the  organization  of  oligo¬ 
dendrocyte  membrane  and  cytoskeletal  structure20"22. 
These  changes  in  cellular  structure  were  preceded  by  anti¬ 
body-induced  calcium  influx23"25.  The  influx  of  calcium 
might  therefore  play  an  important  role  in  the  regulation 
of  oligodendrocyte  structure  and  function,  and  could 
conceivably  play  a  role  in  antibody-induced  remyeli¬ 
nation.  Recently,  our  laboratory  has  observed  similar  cal¬ 
cium  fluxes  in  oligodendrocytes  after  treatment  of  mixed 
primary  glial  cultures  with  remyelination-promoting 
antibodies.  There  appears  to  be  a  high  degree  of  corre¬ 
lation  between  the  ability  of  an  antibody  to  promote 
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remyelination  and  its  ability  to  stimulate  calcium  influx, 
suggesting  a  connection  between  these  two  phenomena 
(Allan  Bieber  et  al.,  unpublished  observations). 

Myelin-reactive  autoantibodies  might  also  work  to 
enhance  myelin  repair  through  more  indirect  mecha¬ 
nisms.  Antibody  binding  to  damaged  oligodendrocytes 
and  myelin  might  stimulate  repair  by  enhancing  the 
opsonization  and  clearance  of  myelin  debris  by 
macrophages.  The  remyelination-promoting  antibodies 
are  all  of  the  IgM  isotype,  and  one  of  the  properties  of 
IgM  antibodies  is  their  efficient  activation  of  comple¬ 
ment.  Complement  is  an  important  factor  for  the  efficient 
phagocytosis  of  myelin  by  cultured  macrophages,  and 
antibody-mediated  activation  of  complement  might 
function  to  fragment  myelin  debris,  making  removal 
more  efficient26.  Large  numbers  of  macrophages  are 
often  observed  in  demyelinated  lesions,  and  phagocytosis 
of  myelin  debris  might  be  an  important  prerequisite  to 
efficient  remyelination. 

Prospects  and  implications 

Demyelinated  axons  have  reduced  conduction  velocities 
and  are  highly  vulnerable  to  conduction  block  and  tran¬ 
section.  Remyelination  is  therefore  an  important  thera¬ 
peutic  goal  for  the  treatment  of  demyelinating  disease. 
Human  antibodies  that  promote  remyelination  in  animal 
models  are  obvious  candidates  for  development  as 
reagents  for  the  treatment  of  diseases  such  as  MS. 

Huang  and  colleagues22  recently  reported  that  mice 
pre-immunized  with  homologous  spinal  cord 
homogenate  demonstrated  enhanced  axonal  regeneration 
and  functional  recovery  after  dorsal  hemisection  of  the 
spinal  cord.  Immunization  resulted  in  increased  levels  of 
myelin-reactive  antibodies  that  stimulated  the  outgrowth 
of  neurites  on  myelin  substrates.  This  observation  was 
interpreted  as  the  result  of  antibody-mediated  blocking 
of  myelin-associated  inhibitors  of  axon  outgrowth,  an 
effect  that  might  also  explain  the  enhanced  axonal  regen¬ 
eration  and  functional  recovery  seen  in  vivo.  These  experi¬ 
ments  are  reminiscent  of  our  earlier  studies  in  the  TMEV 
model,  in  which  immunization  with  SCH  or  the  passive 
transfer  of  immune  serum  was  followed  by  repair  of 
damaged  myelin.  It  is  not  clear  whether  antibodies  that 
might  block  myelin-associated  inhibition  of  axon  out¬ 
growth  and  those  that  promote  remyelination  have  simi¬ 
lar  or  completely  unrelated  specificities.  Whichever  is  the 
case,  myelin-reactive  antibodies  might  be  useful,  not  only 
to  promote  myelin  repair  following  demyelinating  dis¬ 
ease,  but  also  for  the  treatment  of  axonal  damage  follow¬ 
ing  spinal  cord  injury  Such  antibodies  could  be 
administered  exogenously  or  generated  in  vivo  by  appro¬ 
priate  immunization  strategies.  Recent  work  with  the 


IN-1  antibody,  also  an  oligodendrocyte-reactive  IgM, 
leads  to  very  similar  conclusions28”30. 

Many  of  the  human  mAbs  that  were  screened  for 
oligodendrocyte  reactivity  bound  not  only  to  oligoden¬ 
drocytes  but  also  to  other  CNS  cells  such  as  neurons. 
Figure  2  demonstrates  the  diversity  of  reactivity  that  was 
observed  among  monoclonal  human  IgM  antibodies. 
Many  antibodies  react  strongly  with  oligodendrocytes 
and  CNS  white  matter,  but  many  also  reacted  with  various 
populations  of  neurons,  and  fewer  reacted  with  astro¬ 
cytes.  The  high  frequency  of  IgMs  that  bind  to  neurons 
raises  the  possibility  that  these  antibodies  might  play  a 
role  in  neuronal  survival  and  regeneration  following  CNS 
injury.  Many  of  the  neuron-reactive  antibodies  can  serve 
as  permissive  substrates  for  neurite  outgrowth  in  culture, 
demonstrating  the  potential  for  this  type  of  function 
in  vivo  and  for  their  use  in  the  treatment  of  axonal  damage 
(Allan  Bieber  et  aL,  unpublished  observations). 

Currently,  there  are  few  effective  therapies  to  promote 
tissue  repair  or  to  prevent  or  reverse  neurological  deficits 
following  CNS  injury  or  disease.  The  characterization  of 
endogenous  immune-mediated  repair  mechanisms  is 
therefore  of  obvious  importance.  An  understanding  of 
these  mechanisms  should  open  up  significant  new  areas 
for  the  development  of  antibody-based  therapeutics  and 
perhaps  also  for  small-molecule-based  therapeutics  and 
vaccines  for  induction  of  the  reparative  response. 
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Cholesterol,  Ap  and  Alzheimer’s 
disease 

Tobias  Hartmann 

Statins  have  been  used  for  many  years  for  the  treatment  of  hypercholesterolemia.  They 
lower  low-density  lipoprotein  (LDL)  cholesterol,  increase  high-density  lipoprotein  (HDL) 
levels  and  are  considered  to  be  very  safe.  Recently,  a  set  of  potential  new  applications 
was  identified  for  statins.  In  the  future,  these  drugs  could  be  used  to  treat  Alzheimer’s 
disease  (AD).  Past  studies  have  suggested  a  link  between  AD  and  lipids  and  a  series 
of  reports  has  recently  been  published  that  significantly  tightens  this  link  and  also 
provides  some  explanations  at  the  cellular  level.  This  review  focuses  on  these  recent 
developments  and  perspectives  that  appear  to  link  cholesterol,  p-amyloid  and  AD. 


This  year,  research  has  shown  that  it  is  possible  to  reduce 
cerebral  p-amyloid  (AP)  levels  in  vivo  with  an  FDA-approved 
drug.  This  drug  is  called  simvastin  and  is  currently  used  to 
lower  serum  cholesterol1.  Interestingly,  an  increase  in  pro¬ 
duction  or  deposition  of  Ap  at  the  molecular  level  has  been 
correlated  with  increased  risk  of  Alzheimer  s  disease  (AD). 

Genes  linked  to  AD 

Four  genes  have  been  directly  linked  to  AD  by  means  of 
point  mutations  that  cause  the  disease.  Whereas  three  of 
these  genes  are  known  to  be  involved  in  the  molecular 
pathways  of  AD,  the  fourth  gene  differs  in  several  aspects 
from  the  others  and,  until  now,  is  the  only  gene  known  to 
be  Involved  in  lipid  pathways.  Mutations  in  the  first  three 
genes,  amyloid  precursor  protein  (APP),  presenilin  1 
(PS-1)  and  presenilin  2  (PS-2),  are  known  to  cause 
increased  Ap42  production2  (see  Fig.  1  for  details  on  the 
generation  of  AP).  However,  the  toxic  mechanism  of  AP 
action  remains  unknown.  The  fourth  gene,  apolipoprotein 
E  (apoE) ,  encodes  a  lipid-binding  protein,  which,  among 
several  other  functions,  shuttles  lipids  between  cells3. 
Human  apoE  exists  in  three  major  alleles.  The  £4  allele  is 
implicated  in  an  increased  risk  of  hypercholesterolemia4. 
This  allele  exchanges  lipids  between  cells  and  supports 
neuronal  sprouting5.  Notably,  the  frequency  of  this  allele  is 
significantly  Increased  in  AD  (Ref.  6). The  major  difference 
between  individuals  carrying  the  apoE  84  allele  and  those 
carrying  APP,  PS-1  or  PS-2  mutations,  is  that  carriers  of  the 
apoE  £4  allele  have  a  good  chance  of  escaping  AD  even  at 


old  age  as  the  84  allele  lowers  the  age  of  disease  onset 
rather  than  causes  the  disease.  Moreover,  unlike  the  other 
proteins,  apoE  is  not  known  to  be  direcdy  involved  in  Ap 
generation,  although  it  could  be  indirectly  involved.  The 
best  indication  that  apoE  plays  a  role  in  Ap  pathology  is 
derived  from  experiments  using  apoE  transgenic  or 
knockout  mice,  as  they  show  altered  Ap  depositions7. 

Epidemiology  and  risk  factors 

The  role  of  apoE  as  a  lipid-transport  protein  indicates  that 
lipids  might  somehow  influence  Ap  production.  Apart 
from  those  already  mentioned,  other  risk  factors  of  AD 
indicate  the  involvement  of  lipids.  Old  age  is  undoubtedly 
the  most  significant  risk  for  AD,  but  high  blood  pressure  as 
well  as  high  cholesterol  levels  during  mid-life  moderately 
increases  the  risk  of  developing  AD  later  in  life8.This  mid¬ 
life  correlation  is  interesting  because  increased  cholesterol 
levels  and  the  beginning  ofAP  depositions  appear  to  occur 
in  parallel.  By  contrast,  in  the  clinical  AD  patient,  serum 
cholesterol  levels  no  longer  correlate  well  with  disease.  In 
fact,  cholesterol  levels  were  found  to  be  reduced  in  the 
brains  of  AD  patients9;  however,  it  should  be  noted  that 
post-mortem  of  an  AD  brain  reflects  only  the  last  stage  of 
a  progressive  neurodegenerative  process  that  started 
decades  before.  The  degenerative  process  is  very  pro¬ 
nounced  at  this  stage  and  therefore  litde  information  can 
be  gained  as  to  what  initially  started  the  disease  process. 

Recently,  two  retrospective  epidemiological  studies 
showed  that  treatment  with  cholesterol-lowering  statins 
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Figure  1.  Ap  and  APP 
processing 

The  Alzheimer  human  amyloid 
precursor  protein  (APP)  is  a 
770  amino  acid  Type  I 
transmembrane  protein  of 
unknown  function.  APP  is 
cleaved  by  different  proteases, 
termed  secretases.  The  initial 
cleavage  by  a-secretase 
activity  [TN  Fa-converting 
enzyme  (TACE)  and  other 
proteases]  is  the  most 
common  cleavage,  resulting  in 
the  release  of  the  large 
extracellular  domain  of  APR 
Because  the  cleavage  site  of 
a-secretase  is  in  the  middle  of 
the  Ap  domain,  no  Ap  can  be 
generated.  The  a-cleavage  is 
followed  by  either  lysosomal 
degradation  of  the  remaining 
carboxyl-terminal  fragment 
(C87),  or  by  y-secretase 
cleavage  and  the  release  of  the 
small  peptide  p3.  The 
y-secretase  cleavage  site  is 
located  inside  of  the 
hydrophobic  transmembrane 
region  of  APP,  and  the 
mechanism  by  which  cleavage 
can  occur  at  this  site  is 
unknown.  The  presenilins  are 
involved  in  this  cleavage.  Less 
frequently,  APP  is  cleaved  by 
p-secretase  (BACE  1).  Again, 
this  cleavage  can  be  followed 
by  lysosomal  degradation  or 
y-secretase  cleavage  of  the 
remaining  carboxyl-terminal 
fragment  (C99).  In  the  latter 
case,  Ap  is  generated,  which  is 
a  small  40  amino  acid  long, 
hydrophobic  peptide  with  a 
tendency  to  aggregate  and  to 
form  protease-resistant  amyloid 
fibrils.  Approximately  1 0%  are 
formed  with  a  two  amino  acid 
longer  tail  (Ap42).  AP42 
aggregates  faster,  is  more 
protease-resistant  than  AP40, 
and  it  is  Ap42  and  not  AP40  that 
is  strongly  linked  to  familial 
Alzheimer’s  disease.  Reduced 
cholesterol  levels  result  in 
reduced  p-  and  y-secretase 
activity  and  increased 
a-secretase  activity, 
consequently  reducing  Ap 
levels. 


drastically  lowered  the  risk  of  developing  AD  (Refs  10,11). 
Statins  are  well-tolerated  drugs12,  and  could  be  considered 
as  a  preventive  treatment  for  AD. The  major  adverse  effect  of 
statins  is  myopathy,  which  occurs  in  approximately  0.1%  of 
all  cases  but  disappears  when  treatment  is  stopped13. 
However,  it  should  be  noted  that  epidemiological  studies 
cannot  reveal  the  disease  cause;  this  can  only  be  achieved 
by  experimental  procedures.  Although  these  epidemiologi¬ 
cal  findings  need  to  be  interpreted  with  caution,  it  does 
appear  that  cholesterol  and  AD  are  in  some  way  linked. 

Molecular  link  I 

How  do  cholesterol  levels  or  statins  influence  AD  etiology?  To 
complicate  this  issue,  statins  have  a  variety  of  beneficial  side- 
effects  that  might  also  contribute14.These  include  endothelial 
protection,  antioxidant-,  anti-inflammatory-  and  anti-platelet 


effects. The  first  interesting  finding  that  suggested  a  link  at  the 
molecular  level  was  obtained  from  rabbits,  which  do  not 
normally  develop  Ap  deposits.  Animals  fed  with  cholesterol 
were  found  to  rapidly  accumulate  Ap  in  the  brain1 5.This  sug¬ 
gested  that  cholesterol  affects  Ap  production  in  a  similar  way 
to  the  genetic  mutations  in  APP,  PS-1  and  PS-2. 

In  fact,  the  consequence  of  reduced  cellular  cholesterol 
levels  in  vitro  is  decreased  Ap  production.  Primary  neurons 
treated  with  statins  stopped  AP  production1*16.  Importantly, 
statins  not  only  reduce  total  Ap  levels  but  also  reduce  Ap42 
levels1  •1 7 .  However,  is  this  caused  by  the  side-effects  of 
statin  or  by  lowered  cholesterol  levels?  Statins  decrease  cel¬ 
lular  cholesterol  levels  by  inhibition  of  3 -hydroxy-3 - 
methylglutaryl  coenzyme  A  (HMG-CoA) -reductase, 
whereas  methyl-P-cyclodextrin  (CDX)  physically  extracts 
cholesterol  from  the  plasma  membrane18.  These  are  two 
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very  different  modes  of  action  that  have  only  two  known 
results  in  common:  lowered  cholesterol  and  lowered  AP 
levels1.  It  is  therefore  plausible  that  it  is  the  reduction  in 
cholesterol,  and  not  the  side-effects  of  statin,  that  caused 
decreased  Ap  production  in  cell  cultures. 

It  is  important  to  consider,  however,  whether  statins 
might  reduce  Ap  production  in  a  less  artificial  situation 
than  in  vitro  experimentation.  In  guinea  pigs,  treatment  with 
a  high  dose  of  statins  induced  a  sharp  drop  in  AP  levels  in 
brain  tissue  and  cerebrospinal  fluid1.  When  treatment  was 
stopped,  Ap  levels  were  restored,  indicating  no  permanent 
damage  to  Ap-producing  systems.  However,  guinea  pigs  do 
not  develop  amyloid  plaques,  irrespective  of  treatment. 
Many  AD  researchers  suggest  that  amyloid  plaque,  and  not 
soluble  monomeric  or  oligomeric  Ap42,  is  an  important 
factor  during  early  (pre-dinical)  AD  (Refs  19,20),  Other 
researchers,  including  myself,  do  not  share  this  opinion.  In 
any  case,  reduced  Ap42  levels  will  result  in  reduced  or 
delayed  plaque  formation.  Indeed,  high  cholesterol  uptake 
increased  AP  deposition  in  transgenic  mice21  and  rabbits15. 
A  study  by  Refolo  and  colleagues22  found  that  the  chol¬ 
esterol  synthesis  inhibitor  BM 15.766  reduced  plaque  for¬ 
mation  in  transgenic  mice.  This  is  a  significant  finding  as  it 
shows  that  plaque  formation  can  actually  be  inhibited  and 
that  the  observed  effects  are  not  drug-specific  because 
BM1 5.766  acts  at  a  later  stage  of  cholesterol  synthesis  than 
statins.  Taken  together,  the  in  vitro  experiments  suggest  a 
tempting  molecular  link  between  AD  and  cholesterol,  and 
the  in  vivo  experiments  not  only  verify  this  link  but  also 
provide  a  basis  for  clinical  trials. 

Molecular  link  II 

Although  the  mechanism  of  cholesterol  action  on  Ap-pro- 
ducing  systems  remains  unknown,  there  are  interesting 
data  that  point  towards  effects  on  APP  secretases.  First,  it  was 
observed  that  inhibition  of  APP  p-secretase  occurs  in  paral¬ 
lel  to  cholesterol  reduction16;  and  second,  data  were  pre¬ 
sented  at  the  Society  for  Neuroscience  Conference  2000 
(8  November  2000,  New  Orleans,  LA,  USA)  that  showed 
inhibition  of  both  APP  y-secretase  and  APP  p-secretase  by 
cholesterol  reduction,  although  the  precise  mechanism  of 
action  apparendy  differs  for  each  enzyme  (Christine 
Bergmann  and  Tobias  Hartmann,  unpublished  observa¬ 
tions).  Additional  data  were  shown  from  a  cell-free  assay 
that  correlated  a  reduction  in  y-secretase  activity  with  a 
reduction  in  membrane  cholesterol  content  (Todd  E.  Golde, 
unpublished  observations).  It  will  be  interesting  to  find  out 
the  extent  to  which  lipids  affect  the  biological  function  of 
p-site  APP-cleaving  enzyme  (BACE)  or  the  presenilins. 

By  contrast,  the  activity  of  the  only  remaining  major  sec- 
retase,  non-amyloidogenic  tx-secretase,  is  increased  upon 
cholesterol  reduction,  albeit  under  different  treatment  condi¬ 


tions23.  Taken  together,  the  major  APP  secretases  are  modulat¬ 
ed  in  a  such  a  way  that  they  switch  from  the  amyloidogenic 
pathway  to  the  non-amyloidogenic  pathway  in  response  to 
cholesterol  reduction.  It  is  tempting  to  speculate  that  this 
indicates  a  functional  link  between  lipids  and  APP  processing. 

The  antithesis  and  relevance  to  human  treatment 

Although  it  is  clear  that  cholesterol  is  able  to  induce  the 
effects  discussed  here,  the  question  as  to  whether  chol¬ 
esterol  is  direcdy  responsible  for  the  effects  observed  at  the 
cellular  level  still  remains  to  be  answered,  A  recent  report 
by  Puglielli  and  colleagues  indicates  that  similar  effects 
could  also  be  obtained  with  cholesteryl  esters24.  We  know 
that  cellular  lipids  are  in  equilibrium  with  each  other; 
when  cholesterol  levels  are  depleted,  its  ratio  to  other 
lipids  changes  in  parallel.  Therefore,  it  is  entirely  possible 
that  cholesterol  could  be  an  attractive  target  for  disease 
treatment,  but  the  molecule  that  affects  secretase  activity  is 
a  cholesterol  derivative  or  some  other  unrelated  lipid. 

Remaining  questions 

More  open  questions  remain  unanswered.  The  retrospective 
studies  reviewed  here  do  not  present  data  on  statin  dosage 
or  duration  of  treatment,  other  than  that  it  has  to  be  for  an 
extended  period  of  time,  probably  many  years.  Because 
cholesterol  increases  and  statins  decrease  Ap40-  and  Ap41- 
production,  vascular  dementia  (VaD),  a  disease  involving 
AP40,  often  accompanies  AD,  or  is  interpreted  as  AD 
(Ref.  25).  Whether  both  diseases  are  affected  in  a  similar 
manner  remains  to  be  shown.  There  is  also  the  risk  of 
unwanted  selective  pressure.  For  example,  are  patients  with 
early  signs  of  cognitive  impairment  treated  with  statins  the 
same  as  non-impaired  patients?  With  the  long  pre-clinical 
phase  of  AD,  it  must  be  established  at  what  age  treatment 
should  start.  Epidemiological  data  show  that  increased 
serum  cholesterol  levels  only  moderately  increase  the  risk 
of  suffering  from  AD  in  later  life.  However,  there  could  be  a 
simple  explanation  to  this  that  has  broad  consequences: 
blood  cholesterol  and  brain  cholesterol  are  in  two  separate 
pools.  In  humans,  the  major  cholesterol  source  is  the  liver. 
Cholesterol  is  distributed  from  here  to  other  organs  except 
for  the  brain.  The  central  nervous  system  makes  up  only  2% 
of  the  whole  body  mass,  but  contains  approximately  a  quar¬ 
ter  of  the  body’s  total  unesterified  cholesterol.  Almost  all 
brain  cholesterol  is  derived  from  in  situ  synthesis  and  there 
is  hardly  any  uptake  from  peripheral  organs26.  Therefore, 
epidemiological  studies  that  measure  serum  cholesterol 
would  observe  only  the  tip  of  the  iceberg.  Furthermore,  a 
regulatory  feedback  mechanism  between  cerebral  and 
peripheral  lipid  metabolism  apparently  does  exist.  ApoE 
might  play  some  role  here  as,  for  example,  brain-chol¬ 
esterol  levels  do  not  respond  to  lovastatin  in  apoE  knock-out 
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mice27.  Moreover,  blood-brain  barrier  permeability  for 
lipids  and  statins  could  be  altered  in  many  AD  patients. 

Open  questions  also  remain  from  the  animal  experi¬ 
ments  reviewed  here.  The  animal  data  verify  the  principal 
mechanism  of  cholesterol  affecting  Ap  production  in  vivo. 
However,  the  animals  were  treated  under  different  condi¬ 
tions  from  that  of  humans.  Neither  the  dosage  used  nor 
the  time  schedule  employed  can  be  directly  transferred  to 
humans.  Lower  dosages  and  long-term  treatment  regimes 
are  a  must  for  human  therapy,  and  the  epidemiological 
data  indicate  that  this  is  possible.  Another  problem  is  the 
differences  between  human  and  animal  lipid  metabolism; 
cholesterol  is  not  a  part  of  the  normal  rabbit  diet,  and 
extensive  exchanges  between  brain  and  peripheral  chol¬ 
esterol  are  seen  in  mice.  Unless  the  cellular  mechanisms 
of  these  approaches  are  completely  understood,  it  will  be 
impossible  to  estimate  the  potential  impact  of  new  drugs. 

Concluding  remarks 

How  does  lipid  treatment  compare  with  other  A|3-targeted 
treatment  strategies?  Other  approaches  at  the  top  of  the 
priority  list  for  AD  prevention  are  Ap  immunization  and 
secretase  inhibitors.  The  basic  idea  is  identical:  reduction 
of  cerebral  Ap  exposure.  Because  all  of  these  treatments 
lower  Ap  levels,  one  could  envisage  that  a  combination  of 
these  approaches  could  achieve  a  maximum  effect  with  a 
minimum  dosage  of  each  individual  drug.  Eventually,  all 
AP-reduction  strategies  will  fall  under  the  same  scheme;  a 
product  of  drug  dosage  and  treatment  duration  started 
well  before  the  onset  of  clinical  symptoms  of  AD. 

This  will  inevitably  test  the  hypothesis  that  Ap  is  involved 
in  AD.  Should  these  therapies  be  effective  in  lowering  Ap  lev¬ 
els  but  ineffective  in  reducing  the  incidence  of  AD,  it  will  be 
difficult  to  imagine  Ap  as  anything  other  than  as  a  waste 
product  of  AD.  Although  it  now  appears  that  Ap,  Ap-lower- 
ing  strategies  and  AD  fit  neatly  together,  it  will  be  the  results 
from  clinical  trials  that  will  ultimately  provide  the  answers. 
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Engineered  modeling  and  the 
secrets  of  Parkinson’s  disease 

Miquel  Vila,  Du  Chu  Wu  and  Serge  Przedborski 

The  development  of  new  methods  for  manipulating  the  animal  genome  by  transgenic 
and  gene-targeting  technologies  provides  a  unique  means  of  studying  the  most  intimate 
aspects  of  countless  human  diseases,  including  Parkinson’s  disease  (PD).  In  this 
review,  the  contribution  of  such  engineered  models  to  our  current  understanding  of  the 
pathophysiology,  etiology  and  pathogenesis  of  PD  will  be  discussed. 


Parkinson  s  disease  (PD)  is  a  common  neurodegenerative 
disorder,  the  cardinal  clinical  features  of  which  include 
tremor,  stiffness,  slowness  of  movement  and  postural 
instability1.  It  is  estimated  that,  in  the  USA  alone,  more 
than  one  million  individuals  are  currently  affected  by  this 
disabling  disease1.  However,  because  the  incidence  of  PD 
rises  with  age1,  it  is  expected  that  this  number  will 
increase  significandy  in  the  future  because  of  the  aging 
character  of  society.  Despite  this  bleak  perspective,  several 
recent  discoveries  have  unquestionably  brought  closer  the 
day  when  the  secrets  of  PD  will  be  unlocked.  A  rapid  sur¬ 
vey  of  PD  research  not  only  shows  the  impressive  pace  at 
which  advances  have  been  made,  but  also  that  the  bulk  of 
published  studies  can  be  divided  into  three  groups:  those 
that  investigate  the  pathophysiology  of  PD  (that  is,  neuro- 
chemical  perturbations),  those  that  search  for  the 
etiology  of  PD  (the  cause),  and  those  that  explore  the 
pathogenesis  of  PD  (the  mechanisms  of  neuronal  death) . 
This  review  investigates  these  three  approaches  to  PD 
research  through  the  appraisal  of  engineered  models, 
which  are,  in  our  opinion,  the  spearhead  of  most  of  the 
recent  breakthroughs  accomplished  in  this  field  (Table  1). 
The  goal  of  this  review  is  to  present  an  overview  of  the 
many  recent  advances  in  PD  and  not  an  in-depth  discus¬ 
sion  of  selected  topics.  For  further  information  on  any  of 
the  presented  subjects,  the  reader  is  encouraged  to  peruse 
the  original  articles  referenced  in  this  review. 

Pathophysiology  of  PD 

The  main,  but  not  sole,  neurochemical  alteration  of  PD  is 
the  deficit  in  brain  dopamine,  which  is  believed  to  be  the 
primary  culprit  in  the  development  of  the  motoric  and 
non-motoric  manifestations  of  PD  (Ref.  1).  This  view  is 


supported  by  the  finding  that  administration  of  the 
dopamine  precursor  l-DOPA,  which  replenishes  the  brain 
with  dopamine,  alleviates  most  of  the  signs  of  PD. 
However,  although  l-DOPA  is  essential  for  the  fine  control 
of  motor  function,  it  is  not  necessary  for  the  normal 
development  of  the  brain  circuitry  within  which 
dopamine  plays  such  a  pivotal  role.  Indeed,  mutant  mice 
deficient  in  tyrosine  hydroxylase  (TH),  the  rate-limiting 
enzyme  in  dopamine  synthesis,  produce  almost  no 
dopamine  and  yet  harbor  a  normal  cytoarchitecture  with¬ 
in  the  basal  ganglia  and  the  different  midbrain  dopamin¬ 
ergic  neuronal  groups2.  Remarkably,  pigmented  TH“/_ 
mice  have  more  dopamine  levels  in  the  brain  than  their 
albino  counterparts,  presumably  owing  to  the  conversion 
of  tyrosine  to  l-DOPA  by  the  melanin-synthesizing 
enzyme  tyrosinase3.  If  a  similar  phenomenon  exists  in 
humans  then  PD  patients  with  pigmented  skin  or  those 
living  in  sunny  regions  would  have  higher  residual 
dopamine  in  the  brain  and  thus  fare  clinically  better 
than  others. 

Transgenic  and  homologous  recombination  tech¬ 
nology  has  been  extensively  used  to  manipulate  different 
factors  in  dopamine  metabolism.  Most  of  these  studies 
have  investigated  the  contribution  of  dopamine  on  spon¬ 
taneous  and  drug-induced  motor  and  non-motor  behav¬ 
iors.  From  these  studies,  it  appears  that  ablation  of  either 
of  the  two  key  enzymes  responsible  for  dopamine  catab¬ 
olism,  namely  monoamine  oxidase  (MAO)  and  catechol- 
O-methyl-transferase,  fails  to  alter  brain  dopamine  levels 
or  locomotor  activity,  although  all  of  the  mutant  mice 
studied  were  found  to  exhibit  increased  aggressive  be¬ 
havior4’5.  Similarly,  mice  heterozygous  for  vesicular 
monoamine  transport-2  (VMAT-2),  which  is  the  brain 
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Table  1.  Selected  engineered  models  used  in  the  study 
I-  of  Parkinson's  disease3 


Category 

Refs 

Pathophysiology 

Tyrosine  hydroxylase-7-  mice 

2,3 

Monoamino  oxidase-7-  mice 

4 

Catechol-O-methyl-transferase-7-  mice 

5 

Vesicular  monoamine  transporter47-  mice 

6 

Vesicular  monoamine  transporter  transfected  cells 

7 

Dopamine  transporter-7-  mice 

8 

Dopamine  receptor-7-  mice 

9 

Etiology 

a-Synuclein-7-  mice 

12 

a-Synuclein  transgenic  (wild-type,  A53T,  A30P) 

13-18 

Pathogenesis 

Oxidative  stress 

Cu-Zn-superoxide  dismutase-7-  mice 

26 

Manganese-superoxide  dismutase+7_  mice 

28 

Glutathione  peroxidase-7-  mice 

26 

Monoamino-oxidase  B  transgenic 

29 

Trophic  factor  support 

GDNF-7-  mice 

30 

BDNF-7-  mice 

31 

TGFa-7-  mice 

34 

Mitochondria 

Adenine  nucleotide  translocator-7-  mice 

35 

Complex  1  ‘cybrids’ 

36 

Abbreviations:  BDNF,  brain-derived  neurotrophic  factor;  GDNF,  glial-derived 
|  neurotrophic  factor;  TGF,  transforming  growth  factor. 


carrier  that  enables  translocation  of  cytosolic 
monoamines  into  synaptic  vesicles,  also  show  minimal 
baseline  abnormalities6.  However,  as  predicted, 
VMAT-2+/"  mice  exhibit  diminished  extracellular  striatal 
dopamine  levels,  as  well  as  reduced  K+-  and  amphet¬ 
amine-evoked  dopamine  release6.  Conversely,  VMAT-2 
overexpression  in  small  synaptic  vesicles  of  transfected 
dopaminergic  neurons  shows  increased  quantal  size  and 
frequency  of  dopamine  release  consistent  with  the 
recruitment  of  synaptic  vesicles,  which  do  not  normally 
release  dopamine7.  Together,  these  studies  demonstrate 
that  VMAT-2  is  a  critical  regulator  of  the  rate  of  transmit¬ 
ter  accumulation  and  synaptic  strength  in  the  monoamine 


system.  Mutant  mice  deficient  in  dopamine  transporter 
(DAT)  are  spontaneously  much  more  metabolically 
perturbed  in  that,  by  virtue  of  lacking  the  ability  to  recap¬ 
ture  released  dopamine,  they  exhibit  a  dramatic  increase 
in  striatal  extracellular  dopamine  levels  and  are  already 
grossly  hyperactive  at  baseline8.  This  abnormal  motor 
behavior  is  probably  related  to  a  hyperstimulation  of  the 
postsynaptic  dopaminergic  receptors  in  response  to  the 
higher  extracellular  content  of  dopamine.  If  this  interpre¬ 
tation  is  correct,  then  it  also  explains  why  mutant  mice 
deficient  in  at  least  dopamine  D2  receptors  have  an 
impaired  capacity  for  responding  to  extracellular 
dopamine  and  why,  as  a  consequence,  are  so  hypoactive9. 
As  expected,  this  poor  locomotor  activity  could  not  be 
improved  by  the  administration  of  dopamine  agonist9.  In 
agreement  with  our  current  knowledge  of  the  distribu¬ 
tion  and  function  of  the  minor  dopamine  receptors, 
manipulation  of  D3-,  D4-  and  D5 -receptor  expression 
demonstrates  that  they  all  seem  to  exert  opposing 
motoric  effects  to  those  of  the  D2  receptor9. 

The  aforementioned  studies  indicate  that  many  tools 
are  already  available  to  target  key  components  of  the 
dopamine  system,  including  its  synthesis  and  degra¬ 
dation,  its  intracellular  compartmentalization,  its 
release,  and  its  postsynaptic  neurotransmission.  So  far, 
published  data  demonstrate  that,  unless  conspicuous 
changes  in  striatal  dopamine  or  in  dopamine  postsynap¬ 
tic  neurotransmission  occurs,  no  gross  motor  abnormal¬ 
ities  arise  in  these  engineered  animals.  This  conclusion 
is  consistent  with  the  finding  that  parkinsonism 
emerges  in  humans  only  after  severe  alterations  in 
dopaminergic  pathways1. 

Etiology  of  PD 

The  cellular  basis  of  PD  is  a  dramatic  loss  of  dopaminer¬ 
gic  neurons,  primarily  in  the  substantia  nigra  pars  com- 
pacta  (SNpc)1.  The  cause  of  PD  neurodegeneration 
remains  unknown.  However,  the  discovery  that  rare  famil¬ 
ial  forms  of  PD  are  linked  to  genetic  mutations  has  raised 
the  prospect  that,  through  the  study  of  these  unique  pedi¬ 
grees,  some  hints  into  the  etiology  of  PD  can  be  obtained. 
So  far,  five  disease-causing  loci  and  mutations  in  three 
genes,  as  well  as  several  allelic  associations,  have  been 
linked  to  PD1.  Mutant  proteins  derived  from  causal  mu¬ 
tations  include:  (1)  a-synuclein,  which  is  linked  to  an 
autosomal  dominant  form  of  PD;  (2)  parkin,  which  is 
linked  to  an  autosomal  recessive  form  of  early-onset  PD; 
and  (3)  ubiquitin  carboxy-terminus  hydrolase  LI 
(UCH-L1),  which  is  linked  to  an  autosomal  dominant 
form  of  typical  PD.  Other  mutations  have  been  identified 
in  association  with  clinical  syndromes  that  comprise 
parkinsonism,  such  as  point  mutations  in  the  Tau  gene10, 
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Table  2.  Transgenic  a-synuclein  animals3 


Species 

Form  of  a-synuclein 

Promoter 

Loss  of 

SNpc  DA 

cells 

Striatal 

DA 

deficit 

Inclusions 

Motor 

deficits 

Refs 

Mouse 

Wild-type 

PDGF 

No 

Yes 

Nuclear  and  cytoplasmic,  no  fibrillar 
aggregates,  in  neocortex,  hippocampus 
and,  ‘occasionally5  in  SN 

Yes 

13 

Mouse 

Wild-type  and  mutant 
(A53T) 

Thy-1 

No 

No 

Lewy-like  pathology,  especially  in  motor 
neurons 

Yes 

14 

Mouse 

Mutant  (A30P) 

Thy-1  and  TH 

No 

No 

Somal  and  neuritic  accumulation  of 
mutant  a-synuclein 

No 

15 

Mouse 

Wild-type  and  mutant 
(A53T,  A30P) 

TH 

No 

No 

No 

No 

16 

Mouse 

Wild-type  and  mutant 
(A30P) 

Thy-1 

No 

No 

Abnormal  accumulation  of  a-synuclein 
in  cell  bodies  and  neurites 

No 

17 

Drosophila  Wild-type  and  mutant 
(A53T,  A30P) 

GAL4 

Yes 

Yes 

Yes 

Yes 

18 

I  "Abbreviations:  DA,  dopamine;  PDGF,  platelet-derived  growth  factor;  SN,  substantia  nigra;  SNpc,  substantia  nigra  pars  compacts;  TH,  tyrosine 
|:  hydroxylase 


which  in  humans  causes  a  form  of  frontotemporal 
dementia  with  parkinsonism. 

a-SynucleIn  and  PD 

To  date,  two  PD-causing  missense  mutations  in  a- 
synuclein  (A53T  and  A30P)  have  been  identified1. 
Cytotoxicity  of  mutant  a-synuclein  is  probably  related  to 
the  fact  that  both  identified  point  mutations  might 
enhance  the  propensity  of  this  small  presynaptic  protein 
to  interact  with  other  proteins  and  aggregate11  to  form 
Lewy-body-like  intraneuronal  inclusions,  a  pathologic 
hallmark  of  PD  (Kef  l).The  lack  of  a-synuclein  results  in 
neither  the  parkinsonian  phenotype  nor  alterations  in 
dopaminergic  pathways  in  mice12.  Still,  these  mutant  ani¬ 
mals  exhibit  increased  dopamine  release  following  paired 
stimuli,  a  mild  reduction  in  striatal  dopamine  content 
and  an  attenuation  of  dopamine-dependent  locomotor 
response  to  amphetamine,  suggesting  that  a-synuclein 
negatively  regulates  dopamine  neurotransmission.  More 
complicated  is  the  situation  of  transgenic  animals  over¬ 
expressing  either  wild-type  or  mutant  a-synuclein, 
which  have  generated  inconsistent  results  (Table  2).  For 
instance,  overexpression  of  wild-type  a-synuclein  driven 
by  platelet-derived  growth  factor  promoter  is  associated 
with  the  accumulation  of  a-synuclein-  and  ubiquitin- 
immunoreactive  inclusions  reminiscent  of  Lewy  bodies 
in  the  neocortex,  hippocampus  and  occasionally  in  the 
substantia  nigra13.  Despite  an  absence  of  nigral 
dopamine-mediated  neuronal  loss,  aged  transgenic  ani¬ 
mals  show  a  reduction  in  striatal  TH  protein  content  and 


enzymatic  activity  that  ascribes  to  impaired  motor  per¬ 
formance.  In  a  second  line  of  transgenic  mice  over¬ 
expressing  either  the  wild-type  or  mutant  allele, 
a-synuclein-containing  inclusions  with  some  neuronal 
death  were  found  in  the  spinal  cord  but  not  in  the  SNpc, 
where  the  promoter  used  is  not  expressed14.  And,  in  three 
additional  lines  of  transgenic  animals  In  which  expres¬ 
sion  of  wild-type  or  mutant  a-synuclein  is  driven  by 
either  a  neuronal  glycoprotein  Thy- 1  promoter  or  a  TH 
promoter  that  enables  transgene  expression  in  SNpc,  no 
nigrostriatal  pathology  was  found  at  all15'17.  Unlike  the 
mouse,  expression  of  wild-type  or  mutant  a-synudein  in 
fruit  flies  reproduces  most  of  the  features  of  PD,  includ¬ 
ing  a  selective  age-dependent  loss  of  dorsomedial 
dopaminergic  neurons,  Lewy-body-like  a-synuclein- 
positive  inclusions  and  a  progressive  age-dependent 
locomotor  dysfunction18.  Because  a-synudein  can  be 
damaged  by  oxidative  stress19,20,  it  is  worth  mentioning 
that  fruit  flies  have  a  more  intense  oxidative  metabolism 
than  mice.  Thus,  it  is  possible  that  the  apparent  discrep¬ 
ancy  between  the  inconsistent  and  subtle  abnormalities 
found  in  transgenic  a-synuclein  mice  and  the  robust 
alterations  found  in  transgenic  a-synudein  Drosophila  is 
related  to  a  different  degree  of  post-translational  modifi¬ 
cation  of  a-synuclein  inflicted  by  oxidative  stress. 

Ubiquftin  metabolism-linked  mutations  and 
familial  parkinsonism 

As  indicated  previously,  another  PD-causing  mutation 
(19 3M)  is  found  in  the  gene  encoding  UCH-L1,  a  key 
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Engineered  animals  {knockouts,  KO,  or  transgenics,  Tg)  enable  targeting  of  specific  molecular  factors  hypothesized  to  be  instrumental  in 
the  demise  of  dopaminergic  neurons  induced  by  the  parkinsonian  neurotoxin  MPTP.  Intervention  aimed  at  blocking  neurotoxic  effects  of 
MPTP  is  shown  in  red.  Intervention  aimed  at  enhancing  the  neurotoxic  effects  of  MPTP  is  shown  in  green.  Further  information  regarding  the 
use  of  engineered  animals  in  the  MPTP  model  can  be  found  in  Ref.  24.  Abbreviations:  DAT,  dopamine  transporter;  GPx,  glutathione 
peroxidase;  iNOS,  inducible  nitric  oxide  synthase;  MAOB,  monoamino  oxidase  B;  MPPf,  l-methyl-4-phenylpyridinium;  MPTP,  1-methyl-4- 
phenyM  ,2,3,6-tetrahydropyridine;  nNOS,  neuronal  nitric  oxide  synthase;  PARP,  poly(ADP-ribose)  polymerase;  SOD1,  copper-zinc 
superoxide  dismutase;  VMAT,  vesicular  monoamine  transporter. 


enzyme  in  the  ubiquitin  pathway21.  This  is  an  exciting 
finding  in  light  of  the  fact  that  ubiquitin  is  highly 
expressed  in  Lewy  bodies  and  that  parkin,  which,  upon 
mutation,  causes  a  juvenile  form  of  PD,  possesses  a  ubiqui- 
tin-related  activity22.  Although,  so  far,  no  engineered  ani¬ 
mals  exist  for  either  UCH-L1  or  parkin  mutations,  it  has 
been  established  that  the  gracile  axonal  dystrophy  (gad) 
mutant  mouse  carries  a  spontaneous  autosomal  recessive 
mutation  resulting  in  an  in-frame  deletion  of  UCH-L123. 
These  mutant  mice  do  not  show  any  clinical  or  pathologi¬ 
cal  similarity  to  PD  patients  harboring  UCH-L1  mutation, 
but  they  represent  the  first  mammalian  model  of  neuro¬ 
degeneration  with  a  defect  in  the  ubiquitin  system. 

Pathogenesis  of  PD 

Following  the  initiation  of  the  disease  by  an  etiological 
factor,  mounting  evidence  indicates  that  a  cascade  of 
deleterious  events  is  set  in  motion,  which  will  ultimately 
be  responsible  for  the  demise  of  dopaminergic  neurons. 


Over  the  years,  several  pathogenic  hypotheses  have  been 
proposed  and,  with  the  development  of  engineered  ani¬ 
mals,  these  are  now  testable.  Investigations  geared 
toward  studying  the  pathogenesis  of  PD  can  be  divided 
into  two  broad  categories:  (1)  those  in  which  engi¬ 
neered  animals  are  used  directly  to  test  hypothesized 
pathogenic  mechanisms;  and  (2)  those  in  which  engi¬ 
neered  animals  are  used  to  modulate  the  susceptibility  of 
dopaminergic  neurons  to  a  given  insult,  such  as  the 
parkinsonian  neurotoxin  l-methyl-4-phenyl-l ,2,3,6- 
tetrahydropyridine  (MPTP)24  or  rotenone25. 

Engineered  animals  used  to  test  PD  pathogenic 
mechanisms  directly 

The  most  popular  pathogenic  hypotheses  for  PD  include 
oxidative  stress  (related  to  dopamine  metabolism  or 
other  mechanisms),  inappropriate  trophic  support,  reac¬ 
tivation  of  apoptosis,  excitotoxicity,  and  mitochondrial 
dysfunction.  In  keeping  with  these  dominant  themes,  it  is 
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relevant  to  mention  that  mice  lacking  various  key  scav- 
enging  enzymes  for  reactive  oxygen  species  (ROS)  do  not 
show  overt  SNpc  neurodegeneration24’26-28.  By  contrast, 
transgenic  mice  overexpressing  the  dopamine-metaboliz¬ 
ing  enzyme  MAO-B  show  no  actual  neuronal  death  but 
do  exhibit  a  striking  atrophy  of  SNpc  neurons29,  probably 
caused  by  increased  ROS  production  during  dopamine 
deamination.  Even  more  dramatic  is  the  effect  of  the  lack 
of  trophic  factors.  First,  mutant  mice  deficient  in  glial- 
derived  neurotrophic  factor  (GDNF)  or  brain-derived 
neurotrophic  factor  (BDNF)  do  not  survive  beyond  post¬ 
natal  day  21  (Refs  30  and  31).  GDNF-/"  neonates  suffer 
from  major  abnormalities  in  both  peripheral  and  central 
noradrenergic  neurons,  although  midbrain  dopamine 
neurons  appear  intact30.  This  observation  is  quite  surpris¬ 
ing  given  the  importance  of  GDNF  in  dopaminergic 
neuron  survival32  and  the  intense  developmental  SNpc 
neuronal  death  seen  in  the  mouse33,  a  phenomenon 
thought  to  be  highly  sensitive  to  trophic  support.  More 
in  line  with  this  latter  argument  is  the  fact  that  mutant 
mice  deficient  in  transforming  growth  factor-a  have  a 
significantly  lower  number  of  SNpc  dopaminergic 
neurons  than  their  wild-type  littermates34;  but  here, 
surprisingly,  the  other  midbrain  dopaminergic  neuronal 
populations  appear  unaffected  by  the  lack  of  this  trophic 
factor34. 

In  connection  with  the  proposed  role  of  mitochon¬ 
dria  as  the  main  source  of  ROS  responsible  for  the  oxida¬ 
tive  attack  in  PD,  it  has  been  demonstrated  that  oxidative 
phosphorylation  can  be  inhibited  by  ablating  the  ade¬ 
nine  nucleotide  translocator  (Ant-1),  thus  resulting  in 
widespread  oxidative  damage  in  these  mice35.  However, 
contrary  to  this  hypothesis,  the  brunt  of  Ant- 1  deficit 
was  found  in  muscles  and  not  in  the  SNpc  (or  in  the 
brain  as  a  whole)35.  Furthermore,  In  cells,  transgenicity 
(cytoplasmic  hybrids  or  ‘cybrids’)  has  been  used  to 
evaluate  the  consequences  of  the  defect  in  complex  I  in 
PD  (Ref.  36).  In  this  study,  cybrid  cells  with  reduced 
complex  I  activity  exhibit  a  variety  of  major  functional 
alterations,  which  all  have  potential  pathogenic  signifi¬ 
cance  and  could  easily,  either  separately  or  in  combina¬ 
tion,  kill  SNpc  dopaminergic  neurons.  Finally,  there  are 
several  mouse  models  with  SNpc  alterations  that  occur 
for  unclear  reasons.  These  include:  (1)  transgenic  mice 
expressing  a  mutant  form  of  the  enzyme  superoxide  dis- 
mutase-1  (SOD1),  which  not  only  show  a  loss  of  spinal 
cord  motor  neurons  but  also  a  reduction  in  the  number 
of  SNpc  dopaminergic  neurons37;  (2)  mice  lacking 
the  orphan  nuclear  receptor  Nurr- 1 ,  which  fail  to  gen¬ 
erate  midbrain  dopaminergic  neurons  and  are  hypoac- 
tive38;  (3)  mutant  mice  lacking  engrailed  genes  En-1  and 
En-2,  showing  that  these  genes  control  the  survival  of 


midbrain  dopaminergic  neurons  in  a  dose-dependent 
manner  and  regulate  the  expression  of  a-synudein39; 
(4)  mice  knockout  for  the  estrogen  receptor-P,  which 
exhibit  several  morphological  brain  abnormalities  and  a 
pronounced  neuronal  degeneration  with  aging,  particu¬ 
larly  in  the  SNpc40;  and  (S)  mice  deficient  in  the  ATM 
gene  (known  to  be  involved  in  DNA  repair),  and  which 
also  develop  severe  degeneration  of  SNpc  dopaminergic 
neurons41. 

Engineered  animals  used  to  modulate  the 
susceptibility  of  dopaminergic  neurons  to  a 
given  insult 

To  date,  several  potent  neurotoxins  have  been  used  to 
duplicate  most  of  the  biochemical  and  neuropathological 
hallmarks  of  PD.  Worth  noting,  however,  is  the  fact  that 
the  chronic  infusion  of  the  mitochondrial  poison 
rotenone  into  rats  seems  to  be  the  only  toxin-induced 
animal  model  of  PD  that  is  unequivocal  in  showing 
Lewy-body-like  intraneuronal  inclusions25.  So  far,  how¬ 
ever,  rotenone-induced  SNpc  toxicity  has  only  been  doc¬ 
umented  in  rats25  and,  to  our  knowledge,  has  yet  to  be 
used  in  engineered  animal  models,  which  precludes  its 
discussion  here.  The  situation  is  quite  different  for  MPTP, 
which  has  been  used  in  transgenic  and  knockout  mice24 
and  which  has  contributed  significandy  to  our  current 
understanding  of  the  pathogenesis  of  PD.  After  the  first 
wave  of  fruitful  studies  in  the  1 980s  led  to  the  character¬ 
ization  of  the  key  steps  in  MPTP  metabolism,  this  neuro¬ 
toxin  had  a  second  wave  of  interest  with  the  advent  of 
engineered  animals24.  This  powerful  combination  has 
provided  a  well-recognized  and  validated  tool  to  not  only 
injure,  specifically,  dopaminergic  neurons  but  also  to  tar¬ 
get  specific  molecular  factors  hypothesized  to  be  instru¬ 
mental  in  the  demise  of  these  neurons  (Fig.  1).  The 
benefit  of  this  dual  approach  has  definitively  confirmed 
the  nature  of  those  factors  that  determine  the  neurotoxic 
potency  of  MPTP  (Ref.  24),  For  instance,  it  has  been 
shown  that  mutant  mice  deficient  in  MAO-B  fail  to  trans¬ 
form  the  pro-toxin  MPTP  into  its  active  metabolite 
1  -methyl-4-phenylpyridinium  (MPP4)  and  consequently 
are  refractory  to  the  deleterious  effect  of  this  toxin42. 
Mutant  mice  deficient  in  DAT  are  also  resistant  to  MPTP43, 
thus  confirming  the  mandatory  role  of  DAT  in  MPP4  entry 
into  dopaminergic  neurons  and  the  ensuing  cytotoxicity. 
As  for  VMAT-2,  which  enables  MPP4  sequestration  into 
synaptic  vesicles,  engineered  mice  have  shown  that  the 
lower  the  VMAT-2  expression,  the  greater  the  MPTP- 
induced  dopaminergic  toxicity44.  This  shows  how  crucial 
cytosolic  MPP4  is  to  the  MPTP  neurotoxic  process. 

This  combined  approach  has  also  shed  light  on  the 
molecular  mechanisms  that  could  be  of  importance  to 
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unraveling  the  pathogenesis  of  PD  (Fig.  1).  It  is  well  Acknowledgements 
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Antisense  as  a  neuroscience  tool 
and  therapeutic  agent 

Peter  Estibeiro  and  Jenny  Godfray 

Gene  expression  in  the  mammalian  brain  is  highly  complex  and  requires  an  immensely 
powerful  functional  genomics  tool  to  unravel  it.  Antisense  has  the  potential  to  meet 
this  requirement,  but  has  always  been  plagued  by  biological  and  technological  hurdles 
that  have  made  the  technology  unreliable.  With  recent  progress  in  developing  potent, 
low-toxicity  nucleic  acid  chemistries  and  novel  drug  delivery  methods  to  cross  the 
blood-brain  barrier,  the  use  of  antisense  is  gathering  momentum. 
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Imagine  a  technology  that  enables  you  to  reach  into  a 
specific  cell  type  in  the  brain  and  to  switch  off  the  expres¬ 
sion  of  a  single  gene  product  precisely.  Think  of  the  power 
of  such  a  technology  as  a  functional  genomics  tool  or  as 
a  rational  therapy.  This  is  the  promise  of  antisense;  but 
since  its  conceptualization  in  the  1 9  7  Os  it  has  never  quite 
lived  up  to  its  potential. The  antisense  research  communi¬ 
ty  has  risen  to  the  challenge  and  many  of  the  early  prob¬ 
lems  associated  with  the  technology  have  been  addressed. 
Antisense  has  been  given  another  chance  and  the  ques¬ 
tion  now  is  whether  it  can  deliver  its  promise. 

The  antisense  concept  is  simple  and  elegant.  Gene 
expression  relies  on  genomic  DNA  sequences  being  tran¬ 
scribed  into  mRNA  that  are,  in  turn,  translated  into  pro¬ 
teins.  An  antisense  molecule  is  a  complementary  nucleic 
acid  that  hybridizes  specifically  to  its  mRNA  target,  pre¬ 
venting  its  translation.  Any  existing  protein  encoded  by  the 
target  gene  depletes  as  a  function  of  its  half-life,  and  thus 
a  rapid  and  highly  specific  ‘knockdown’  is  achieved.  Given 
suitable  model  systems,  antisense  is  the  ideal  tool  for  gene 
function  studies.  Its  main  advantages  over  transgenic- 
based  germline  knockouts  are  speed  and  cost.  In  addition, 
acute  changes  to  gene  expression  can  be  made  in  a  devel- 
opmentally  normal  system,  enabling  interpretation  in  the 
absence  of  developmental  redundancy  and  compensation: 
factors  that  are  crucial  to  neuroscientists  asking  what  a 
gene  product  does  in  a  fully  developed  adult  brain. 

Antisense  can  also  be  used  to  dissect  disease  pathways 
in  model  systems  and  to  identify  steps  amenable  to  thera¬ 
peutic  intervention:  a  process  called  target  validation. 
Unlike  the  conventional  process,  a  validating  antisense  is 
itself  a  lead  candidate  for  further  development  as  a  drug, 


thus  eliminating  any  requirement  for  screening  banks  of 
molecules  for  effect  against  the  target.  Antisense  can  fur¬ 
ther  shortcut  the  drug  discovery  process  because  all  anti- 
sense  reagents  are  chemically  the  same;  they  differ  only  in 
their  sequence.  This  simplifies  manufacturing  set-up,  and 
aspects  of  drug  trials  relating  to  chemical  toxicity  and 
nonspecific  effects  need  be  carried  out  in  full  only  once 
on  a  generic  control  reagent. 

Turning  the  antisense  concept  into  reality  has  not  been 
simple.  Many  obstacles  have  been  encountered  (Table  1), 
but  progress  is  being  made  in  overcoming  them. Two  relat¬ 
ed  technologies  are  shown  in  Boxes  1  and  2. 

Mechanisms  of  action 

To  work  effectively  as  an  antisense  reagent,  a  synthetic 
oligonucleotide  must  be  relatively  stable  when  introduced 
into  a  biological  system.  Unmodified  nucleic  acids  are 
readily  broken  down  by  nucleases  omnipresent  in  blood, 
cells  and,  to  a  lesser  extent,  cerebrospinal  fluid,  within  a 
few  hours  of  injection  into  an  animal.  To  extend  the  half- 
life  sufficiently  for  antisense  molecules  to  elicit  an  effect, 
the  oligonucleotide  chemistry  must  be  modified  to  be 
less  susceptible  to  nuclease  attack. 

Whenever  novel  nucleic  acid  chemistries  are  employed 
as  antisense  reagents,  consideration  of  the  mechanisms 
that  underlie  antisense  knockdown  is  needed. There  is  evi¬ 
dence  for  two  distinct  processes1  (as  illustrated  in  Fig.  1). 
The  primary  mechanism  relies  on  antisense-mediated 
degradation  of  the  transcript  by  endogenous  RNase  H. 
Antisense  chemistries  that  do  not  support  RNase  H  activ¬ 
ity  rely  instead  on  physical  interference  with  translation2. 
Ideally,  nucleotide  analogues  used  as  antisense  reagents 
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•  Table  1,  Technological  hurdles  faced  in  the  development  and  application  of  antisense 
technology 


Technological  hurdle 

Stability 

Toxicity 

Delivery 

Sequence  targeting 


/  Specificity 

s'  Immune  response 


Comments 

Unmodified  nucleic  acids  have  a  half-life  of  only  a  few  minutes  when  introduced  into  biological  systems.  They  are 
rapidly  broken  down  by  endogenous  nucleases  and  are  thus  unsuitable  for  use  in  most  antisense  experiments. 
Stability  has  been  addressed  by  using  modified  nucleic  acid  analogues  and,  more  recently,  peptide  nucleic  acids. 

Some  antisense  reagents  are  toxic  at  relatively  modest  concentrations,  and  a  fine  balance  is  thus  required  between 
administering  enough  of  the  reagent  to  elicit  an  antisense  effect  and  not  so  much  as  to  elicit  nonspecific 
chemical  toxicity, 

A  means  of  delivering  the  antisense  reagent  to  its  target  biological  system  and  then  into  cells  is  required.  The 
use  of  antisense  as  a  neuroscience  tool  and  a  therapeutic  agent  has  an  extra  dimension  of  difficulty:  the  reagent 
must  be  delivered  across  the  blood-brain  barrier. 

mRNA  has  complex  higher  order  structures  and  is  best  thought  of  as  a  tangle  of  string.  Over  90%  of  any  mRNA  is 
prevented  by  intra-molecular  interactions  from  hybridizing  to  an  antisense  molecule.  The  key  to  successful 
antisense  design  is  to  identify  those  sequences  in  the  target  mRNA  that  are  accessible  to  pair  with  the  bases  of 
the  introduced  antisense  molecule. 

Theoretically,  antisense-mediated  gene  knockdown  should  be  very  selective  and  very  specific.  However, 
nonspecific  biological  effects  are  sometimes  seen,  and  designing  the  correct  controls  is  crucial  to  the  success  of 
an  antisense  project,  particularly  in  neuroscience,  where  the  assay  might  detect  subtle  behavioural  changes. 

Although  a  perceived  hurdle  to  the  use  of  antisense,  there  is  little  evidence  that  the  immune  system  mounts  a 
significant  response  to  exogenous  nucleic  acids  or  nucleic  acid  analogues.  The  immune  system  does  respond 
strongly  to  nucleic  acids  containing  unmethylated  CpG  dinucleotides,  which  are  seen  as  bacterial  and  therefore 
hostile  (CpG  effect)44.  In  most,  if  not  all,  cases  where  an  immune  response  has  been  mounted  against  an 
antisense  oligonucleotide,  it  can  be  attributed  to  the  CpG  effect. 


should  be  non-toxic,  readily  soluble  and  taken  up  by  their 
target  cells.  They  should  have  strong  hybrid  affinity  with 
their  target  mRNA  and  should  support  both  suggested 
antisense  mechanisms. 

Methylphosphonate  oligodeoxynucleotides  (Fig,  2b) 
were  among  the  first  modified  oligonucleotides  to  be 
tested  as  antisense  reagents3.  These  are  highly  resistant  to 
nuclease  degradation  but  do  not  support  RNase  H  activity 
and,  being  uncharged,  are  not  readily  soluble.  Solubility 
is  restored  by  substituting  the  methyl  groups  for  sulfur 
to  create  phosphorothioate  oligodeoxynucleotides 
(S-ODN;  Fig.  2c).  S-ODNs  are  still  comparatively  nuclease 
resistant  and  are  highly  soluble  in  aqueous  fluids;  impor¬ 
tantly  they  readily  support  RNase  H  activity.  Flowever, 
they  do  not  bind  their  target  mRNAs  as  tighdy  as  un¬ 
modified  oligonucleotides  and  have  to  be  used  at  high 
concentrations  (several  JUm)  to  compensate. 

Toxicity 

Although  S-ODNs  have  been  the  mainstay  of  antisense 
research  for  many  years,  they  are  largely  responsible  for  the 
reputation  of  antiseme  as  producing  nonspecific  toxicity. 
S-ODNs  are  highly  polyanionic  and  can  bind  heparin-bind¬ 
ing  proteins;  they  can,  for  example,  displace  basic  fibroblast 
growth  factor  from  its  low-affinity  receptors  and  can  prevent 
epidermal  growth  factor  (EGF)  from  binding  to  its  receptor 
while  promoting  auto-phosphorylation  of  the  EGF  receptor 


in  the  absence  of  EGF.  (Potential  pitfalls  of  using  S-ODNs  as 
antisense  molecules  are  reviewed  in  detail  in  Ref  4.) 

S-ODN  toxicity  has  been  investigated  in  both  primates 
and  rodents5.  At  concentrations  of  up  to  5  mg  kg-1,  well 
above  those  currendy  used  for  antisense  research  or 
clinical  trials,  and  over  a  six-month  period,  the  S-ODN 
becomes  most  concentrated  in  the  kidneys  and  liver, 
causing  quite  serious  but  reversible  anomalies  and  some 
immune  stimulation.  Primates  are  much  less  affected  than 
rodents  but  neither  shows  any  evidence  of  teratogenic 
effects,  or  of  changes  in  reproductive  performance  or 
fertility.  This  study  did  not  direcdy  address  the  use  of 
S-ODNs  in  CNS.Test  S-ODNs  were  administered  systemi- 
cally  and  it  is  doubtful  whether  they  would  have  crossed 
the  blood-brain  barrier  to  any  great  extent.  When 
S-ODNs  are  injected  direcdy  into  the  brain,  weight  loss6 
or  severe  tissue  damage7*8  has  been  reported. 

Chemistry 

One  way  of  addressing  S-ODN  toxicity  is  to  increase  their 
affinity  for  their  specific  mRNA  targets.  Modifications  to 
the  2'-sugar  position  can  give  rise  to  significant  increases  in 
duplex  stability  and  therefore  enable  the  oligonucleotides 
to  be  used  at  lower  concentrations;  however,  they  do  not 
support  RNase  H  activity9.  The  G-clamp  heterocycle 
modification,  a  cytosine  analogue  that  clamps  onto 
guanine  by  forming  an  additional  hydrogen  bond,  was 
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Box  1.  Ribozymes 
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TRENDS  in  Neurosciences 


Figure  I.  Ribozyme  structures 

Interaction  between  (a)  hairpin  and  (b)  hammerhead  ribozymes  and  their  target  RNAs  (blue). 
The  arrow  indicates  the  position  of  the  cleavage  site.  H  is  any  nucleotide  except  G;  N  is  any 
nucleotide;  R  is  a  purine  nucleotide;  Y  is  a  pyrimidine  nucleotide. 


Ribozymes  are  RNA  molecules  that  are  able  to  cleave  phosphodiester  bonds 
without  the  aid  of  protein-based  enzymes.  Hammerhead  and  hairpin  ribozymes  are 
sequence  specific  (Fig.  I),  and  both  have  been  used  as  antisense  molecules 
!  (structure  and  mechanism  of  action  are  reviewed  in  Ref.  a).  Ribozymes  can  be 
I  delivered  in  vivo  directly  as  synthetic  oligonucleotides  or  expressed  from 
i  transgenes.  A  variety  of  chemical  modifications  have  been  tested  to  stabilize  the 
molecule,  optimize  delivery,  increase  RNA  hybrid  strength  and  improve  cleavage 
efficiency6’0.  Ribozymes  selected  empirically  are  more  successful  than  those 
\  designed  by  computer  modelling^ 
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rationally  designed  to  enhance  oligonucleotide-RNA  hybrid 
affinity.  G-clamp  S-ODNs  are  about  2  5 -fold  more  potent 
than  equivalent  S-ODNs  (Ref.  1 0) .  Little  has  been  done  to 
assess  the  nonspecific  effects  of  these  chemistries  at  thera¬ 
peutic  concentrations,  but  fewer  problems  are  reported. 
Chimeric  oligonucleotides  in  which  phosphorothioates 
protect  more  vulnerable  phosphodiesters  from  nuclease 
attack  also  help  to  reduce  nonspecific  effects.  These  mol¬ 
ecules,  particularly  when  additionally  modified  by  partial 
2'-methoxylation  (to  enhance  duplex  stability)  elicit  anti- 
sense  effects  after  intraventricular  administration  without 
the  toxicity  associated  with  equivalent  S-ODN  controls6. 

Novel  oligonucleotide  backbones  are  continually 
being  developed  to  further  enhance  antisense  potency 
while  eliminating  toxicity.  Prominent  among  the  new 
generation  chemistries  are  N3'-P5'phosphoramidate 


Box  2.  RNA  interference 

RNA  interference  (RNAi)  technology  can  also 
silence  gene  expression.  Double-stranded  RNA 
(dsRNA),  which  is  homologous  to  the  target 
transcript,  is  introduced  into  cells  where  it  is  broken 
down  into  short  interfering  (si)  RNAs  (also  double 
stranded)  that  trigger  the  degradation  of  mRNAs 
with  complementary  sequences.  Although  used 
successfully  in  Caenorhabditis  etegans  and 
Drosophila ,  dsRNA  in  mammalian  cells  leads  to  a 
global  shutdown  in  protein  synthesis0.  Recent  work6 
that  has  gone  some  way  to  overcoming  these 
difficulties  might  lead  to  more  widespread  use  of 
RNAi  as  a  method  for  controlling  mammalian  gene 
expression. 
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(NP)11,  morpholino  phosphorodiamidate  (MF)12,  locked 
nucleic  acid  (LNA)8,  2'-0-methoxyethyl  (MOE)2  and 
2/-fluoro,  arabino-nucleic  acid  (FANA)13  (Fig.  2d-h).  All 
are  highly  resistant  to  nuclease  attack  and  have  very  high 
affinity  for  their  target.  FANA  and  LNA  oligonucleotides 
support  RNase  H  activity  but  NP,  MF  and  MOE  oligonu¬ 
cleotides  do  not.  Most  interesting  of  the  new  chemistries 
from  a  neuroscience  point  of  view  are  LNAs.  These  are 
specific  and  potent  when  injected  into  rat  CNS,  with  no 
reported  toxicity8.  No  rodent  toxicity  has  been  reported 
for  NP  or  MF  oligonucleotides  either,  although  currently 
CNS-specific  toxicology  has  not  been  studied. 

An  alternative  to  backbone  modifications  is  to  replace 
the  phosphodiester  backbone  completely,  as  in  peptide 
nucleic  acids  (PNA;  Fig.  2i)14,15.  Because  they  are 
uncharged,  PNAs  form  very  stable  duplexes  with  DNA  or 
RNA.  Unfortunately,  this  also  means  that  they  are  not 
taken  up  efficiently  by  cells.  They  also  do  not  support 
RNase  H  activity.  Cell  uptake  has  been  addressed  by  con¬ 
jugating  the  PNA  to  molecules  such  as  anti-receptor  anti¬ 
bodies  that  aid  cellular  internalization.  (PNAs  as  antisense 
tools  are  reviewed  in  Ref.  16.)  RNase  H  support  can  be 
restored  by  covalently  linking  PNA  to  DNA  (Ref.  17):  a 
short  phosphodiester  window  within  a  PNA  will  evoke 
RNase  H  activity  against  target  mRNA  (Ref  18).  These 
chimeric  DNA /PNA  oligos  are  very  readily  taken  up  by 
cells,  enabling  PNAs  to  be  administered  at  micromolar 
concentrations.  Some  cytotoxicity  has  been  reported  at 
very  high  PNA  concentrations  (reviewed  in  Ref  19). 
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Figure  1,  Mechanisms  by  which  antisense 
oligonucleotides  disrupt  mRNA  function 

(a)  Top:  translation  initiation  complex  docks  with  AUG  start  site  on 
mRNA,  Middle:  antisense  oligomer  hybridizes  with  mRNA,  RNase  H 
recognizes  the  RNA-DNA  heteroduplex,  degrades  the  RNA  strand 
and  translation  is  inhibited.  Bottom:  cleaved  mRNA  is  rapidly 
degraded  further  by  other  intracellular  ribonucleases  and  is  thus  not 
available  for  translation,  (b)  A  second  mechanism  of  action  suggests 
that  rather  than  tagging  the  mRNA  for  degradation,  the  bound 
antisense  molecule  physically  interferes  with  translation.  In  this  case, 
the  level  of  the  target  protein,  but  not  the  mRNA,  is  depleted. 


Targeting  antisense  to  mRNA  sequences 

The  vast  majority  of  any  transcript  is  involved  in  or 
screened  by  intramolecular  base-pairing,  and  is  unavail¬ 
able  for  antisense  interaction20.  The  key  to  successful  anti- 
sense  design,  therefore,  is  to  identify  accessible  areas  of  a 
transcript  and  to  use  this  knowledge  to  target  antisense 
molecules  against  it  rationally. 

Although  there  is  some  evidence  for  sequence  motifs 
correlating  with  effective  antisense  reagents21,  it  is  still  nec¬ 
essary  to  map  transcript  structure  in  detail  to  determine 
accessibility  to  antisense.  Two  technologies  currently  used 
to  determine  mRNA  structure  are  computational  algo¬ 
rithms  and  laboratory-based  experimental  mapping.  Both 
methods  correlate  for  short  transcript  lengths,  but  algo¬ 
rithms  cannot  reliably  predict  structure  when  transcripts 
exceed  200  nucleotides. The  average  transcript  is  over  1  kb, 
and  given  that  distal  sequences  can  contribute  to  proximal 
structure,  computational  analysis  is  currently  unreliable  for 
high  fidelity  antisense  design.  (Computational  methods 
are  reviewed  in  Ref.  22.)  New  algorithms  based  on  prob¬ 
ability  profile  might  have  advantages  over  minimum  free 
energy  calculations23,  but  it  is  too  early  to  comment  on  the 
real  predictive  power  of  this  technique.  Thus,  experimental 


Chemical  structures  of  candidate  oligomers  for  use  in  antisense  research  and  therapies.  Structural 
differences  to  the  unmodified  phosphodiester  oligonucleotide  <a)  are  shown  in  (bMh).  (a)  Unmodified 
phosphodiester  oligonucleotide,  (b)  Methylphosphonate  oligonucleotide  (a  methyl  group  replaces  on  the 
non-bridging  oxygen  atoms  at  each  phosphorous  in  the  ribose  phosphate  backbone),  (c)  Phosphothioate 
oligonucleotide  (sulfur  replaces  the  methyl  group  of  a  methylphosphonate  oligonucleotide),  (d)  N3'-P5' 
phosphoramidate  oligonucleotide  (contains  N3'-P5'  phosphoramidate  linkages),  (e)  Morpholine 
phosphorodramidate  oligonucleotide  (six-membered  morpholine  backbone  moieties  joined  by  non-ionic 
phosphorodiamidate  intersubunit  linkages),  (f)  2'-Omethoxyethyl  oligonucleotide  (substitution  of  a 
methoxyethyl  side  chain  on  the  2'-sugar  position),  (g)  2Mluoro,arabino-nueleie  acid  (2f  stereoisomer  of 
RNA  based  on  D-arabinose  instead  of  the  natural  D-ribose,  containing  a  2*  fluoro  group),  (h)  Locked 
nucleic  acid  (the  ribose  ring  is  constrained  by  a  methylene  linkage  between  the  2'-oxygen  and  the  4'- 
carbon).  (I)  Peptide  nucleic  acid  (contains  a  non-charged  achiral  polyamide  backbone). 


mapping  is  currently  the  preferred  rational  antisense 
design  tool  It  is  an  excellent  predictor  of  sequences  that 
will  make  effective  antisense  targets  in  vivo24. 
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Table  2.  Some  examples  of  antisense  technology  applied  to  neuroscience  research 


Target  mRNA  Chemistry 

Rat  8-opioid  Phosphorothioate 
receptor 


Delivery 

Injection  or  infusion 
into  lateral 
ventricles 


Rat  ju-opioid  Peptide  nucleic  Intraperitoneal 
receptor  acid  injection 


Phosphorothioate 


Phosphorothioate 


Rat  glial 
glutamate 
transporter 
(GLT1) 

Rat  GLT1  as 
above  and 
neuronal 
glutamate 
transporter 
(EAAC1) 

Mouse  GABAb  Phosphorothioate 
receptor  gbla 


Mouse  amyloid 
precursor 
protein  (APP) 


Phosphorothioate 


Controls 

Mis-matched  antisense 
sequence 


Infusion  into  lateral 
ventricles 


Infusion  into  lateral 
ventricles 


Mouse  intermediate 
lobe  tumour  cells 
explanted  into 
culture  in  the 
presence  of 
antisense  reagents 

Intra- 

cerebroventricular 

injection 


Mis-match  sequences 
and  an  antisense 
targeted  to  another 
receptor 


Sense  and  random 
sequences 


Sense  and  random 
sequences 


Scrambled  antisense 
sequence  and 
antisense  designed 
to  GABAd  receptor 
gblb 

Random  sequence  and 
ineffective  antisense 
sequences 


Rat  high-affinity  Phosphorothioate  Stereotaxic  injection  Random  sequence 


nerve  growth 
factor  (NGF) 
receptor  (trkA) 

Mouse 
presenilin  1 


Phosphorothioate 


into  medial  septal 
area  or  cornu 
ammonis  (CA1) 
of  hippocampus 

Cortical  neurons 
explanted  into 
culture  and 
exposed  to 
antisense  reagents 


Sense,  scrambled  and 
mis-matched  antisense 
sequences 


Conclusions  drawn  from  study  Refs 

Knockdown  of  the  8-opioid  receptor  reduces  binding  34 
of  receptor  ligands  to  brain  membranes.  The  8-opioid 
receptor  agonist  SNC80  has  no  effect  on  knockdown 
rats,  indicating  that  SNC80,  when  administered 
systemically,  acts  in  the  brain  to  affect  locomotor 
behaviour  and  colonic  propulsion.  Response  to 
morphine  is  unchanged  in  knockdowns,  which 
confirms  existing  germline  knockout  data  that 
morphine-induced  analgesia  is  modulated  by 
the  p-opioid  receptors. 

Significant  decrease  in  p-opioid  receptor  levels  in  the  37 
periaqueductal  grey  region  causes  a  reduction  in  the 
antinociceptive  response  to  morphine.  This  result 
supports  existing  germline  knockout  studies  and  is 
complementary  to  the  8-opioid  receptor  knockdown 
experiment  outlined  above. 

GLT1  promotes  neuronal  survival  after  traumatic  brain  38 
injury  in  rats  by  ‘mopping  up'  released  glutamate  and 
preventing  receptor  over-activation. 

GLT1  promotes  neuronal  survival  after  focal  cerebral  39 
ischaemia  in  rats  by  ‘mopping  up'  released  glutamate 
and  preventing  receptor  over-activation.  EAAC1  does 
not. 


The  activity  of  the  GABA-receptor  agonist  gabapentain  40 
is  dependent  on  a  functional  GABAb  (gb1a-gb2) 
heterodimer  receptor. 


Antisense  used  together  with  antibodies  against  target  41 
protein  have  an  additive  effect  and  significantly 
reverse  learning  and  memory  deficits  in  the  aged 
SAMP8  mouse  model  for  Alzheimer’s  disease. 

Data  indicate  a  role  for  NGF  acting  on  choline  acetyl-  42 
transferase  and  vesicular  acetylcholine  transporter  via 
the  trkA  receptor  in  contextual  memory  consolidation. 


Reduction  in  endogenous  presenilin  1  expression  43 
results  in  protection  against  NMDA-induced  cell  death. 
Suggests  that  familial  Alzheimer’s  disease-associated 
presenilin  1  variants  might  increase  the  vulnerability  of 
neurons  to  excitotoxicity.  These  results  support  existing 
data  obtained  from  germline  knockouts. 


The  basis  for  current  experimental  methods  is  that 
mRNA  structures  can  be  mapped  by  hybridizing  a 
folded  in  vitro  transcript  with  a  complementary  library 
of  overlapping  oligonucleotides.  Care  must  be  taken  to 
ensure  the  transcript  folds  as  it  transcribes  and  is  not  sub¬ 
sequently  denatured.  Cleavage  of  duplexes  with  RNase  H 
(Ref.  25)  or  gel  retardation  of  labelled  oligonucleotides 
after  transcript  binding26  can  form  the  basis  of  an  assay  to 


determine  which  of  the  oligonucleotides  are  able  to  bind 
the  transcript,  thus  indicating  accessible  regions. 

The  most  significant  recent  advance  in  mapping  RNA 
structures  is  antisense  oligonucleotide  (AS-ON)  scanning 
microarrays,  as  pioneered  by  Southern27,28.  By  covalently 
attaching  all  AS-ONs  to  be  tested  to  a  solid  support,  their 
interaction  with  a  labelled  target  transcript  applied  to  the 
array  under  hybridizing  conditions  can  be  analysed.  Those 
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immobilized  AS-ONs  that  have  the  strongest  interactions 
with  the  target  transcript  have  a  high  probability  of  effec¬ 
tively  knocking  down  gene  expression  in  vivo. 

Delivery  of  antisense  oligonucleotides  to  their 
site  of  action 

To  elicit  an  effect,  antisense  reagents  must  be  delivered 
into  target  cells  at  the  required  site  of  action.  In  neuro¬ 
science,  the  blood-brain  barrier  must  also  be  overcome. 
S-ODNs  are  easily  taken  up  by  cells  and  localize  to  the 
nucleus,  which  might  be  their  site  of  action29.  Cell  types 
take  up  S-ODNs  with  differing  efficiencies;  neurons  are 
more  efficient  at  taking  up  S-ODNs  than  other  types  of 
brain  cell  (Peter  Estibeiro,  unpublished  observation).  LNA 
(Ref.  8)  and  MF  (Ref.  30)  oligonucleotides  are  also  taken 
up  by  cells  without  the  need  for  artificial  transfection  aids, 
and  MF  and  NP  (Ref.  11)  oligonucleotides  show  nuclear 
localization.  To  improve  cell  uptake,  oligonucleotides  can 
be  complexed  with  cationic  lipid  or  polyamine  carriers.  A 
wealth  of  literature  exists  on  antisense  transfection31’32. 

PNAs  are  uncharged  and  cannot  theoretically  cross 
either  the  blood-brain  barrier  or  the  plasma  membrane 
unaided.  However  at  high  (millimolar)  concentrations, 
PNAs  injected  systemically  can  knockdown  expression  of 
specific  genes  In  the  brain33'34.  PNA  delivery  is  enhanced 
by  conjugation  to  peptides  that  facilitate  transport  across 
the  blood-brain  barrier  and  into  cells,  for  example,  the 
0X26  mAb  to  the  rat  transferrin  receptor35.  Once  inside 
cells,  at  least  a  proportion  of  PNAs  reach  the  nucleus36. 

Most  administration  of  antisense  into  the  brain  has 
been  by  direct  injection  or  infusion,  thus  physically  cross¬ 
ing  the  blood— brain  barrier.  Although  this  is  an  acceptable 
means  of  delivery  in  humans  for  the  treatment  of  serious 
conditions  such  as  brain  tumours,  it  is  clear  that  a  less 
invasive  method  is  necessary  for  antisense  to  realize  its 
potential  as  a  therapeutic  agent  for  the  CNS.  Conjugating 
oligonucleotides  or  PNAs  to  carriers  has  huge  potential  in 
this  regard  and  will  surely  be  a  rapidly  developing  neuro¬ 
science  technology  over  the  next  few  years. 

Antisense  in  the  nervous  system;  progress  and 
conclusions 

The  use  of  antisense  in  neuroscience  research  and  thera¬ 
peutics  is  gathering  momentum.  The  toxicity  issues  asso¬ 
ciated  with  S-ODNs  are  being  addressed  through  the  use 
of  current-generation  nucleic  acid  analogues.  LNAs  and 
PNAs  are  reported  not  to  be  neurotoxic.  Neither  has  any 
rodent  toxicity  been  reported  after  systemic  adminis¬ 
tration  of  NPs  and  MFs,  but  so  far  these  have  not  yet  been 
tested  In  the  brain.  Current  chemistries  have  minimal  non¬ 
antisense  effects,  making  design  of  controls  and  interpre¬ 
tation  of  results  easier,  particularly  in  neuroscience  (where 


assays  might  be  subtle).  In  a  therapeutic  context,  low-tox¬ 
icity,  high-specificity  reagents  will  minimize  side-effects 
and  enable  the  use  of  higher  drug  doses. 

Care  must  still  be  taken  over  controls.  Sense  strand  is 
often  used  but  is  not  ideal:  it  can  interfere  with  natural  anti- 
sense  effects.  Similarly,  random  sequence  controls  should 
be  avoided.  The  best  control  is  scrambled  experimental 
sequence  because  it  maintains  chemical  identity  with  the 
test  reagent.  Using  a  variety  of  backbone  chemistries  also 
provides  an  excellent  control:  an  identical  result  from  two 
different  backbones  implies  a  genuine  antisense  effect. 

Crossing  the  blood-brain  barrier  remains  a  challenge. 
The  brute  force  method  of  injecting  reagents  into  the  brain 
is  successful,  and  several  studies  of  neurodegeneration  and 
brain-function  research,  some  examples  of  which  are  out¬ 
lined  in  Table  2,  are  emerging34’37-"13,  At  least  one  pharma¬ 
ceutical  company  has  an  antisense-based  anti-Alzheimer  s 
disease  drug  in  trials,  which  might  be  administered  by  an 
implanted  infusion  device,  indicating  that  invasive  delivery 
will  be  tolerated  for  human  CNS  therapy  if  warranted  by  the 
disease,  hi  the  longer  term,  conjugation  of  antisense  reagents 
to  small  molecules  that  carry  them  across  the  blood-brain 
barrier  and  into  specific  cell  types  is  the  way  forward,  and 
pioneering  work  in  this  area  looks  very  promising35. 

The  future  for  antisense  looks  brighter  than  ever.  It  is 
probably  the  most  powerful  functional  genomics  tool 
currendy  available  to  meet  the  challenge  of  understanding 
the  genome;  and  it  is  finally  coming  of  age  as  a  rational 
therapeutic  agent. 
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Blockade  of  Microglial  Activation  Is  Neuroprotective  in  the 
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine  Mouse  Model  of 
Parkinson  Disease 

Du  Chu  Wu,1  Vernice  Jackson-Lewis,1  Miquel  Vila,1  Kim  Tieu,1  Peter  Teismann,1  Caryn  Vadseth,3 
Dong-Kug  Choi,1  Harry  ischiropouios,3  and  Serge  Przedborski1 2 

Departments  of 1  Neurology  and  2Pathoiogy,  Columbia  University,  New  York ,  New  York  10032 ,  and  3Siokes  Research 
institute f  Department  of  Pediatrics ,  Children's  Hospital  of  Philadelphia,  and  Department  of  Biochemistry  and  Biophysics , 
University  of  Pennsylvania  School  of  Medicine,  Philadelphia,  Pennsylvania  19104 


1  -Methyi-4-phenyM  ,2,3,6-tetrabydropyridine  (MPTP)  dam¬ 
ages  the  nigrostriatal  dopaminergic  pathway  as  seen  in  Parkin¬ 
son’s  disease  (PD),  a  common  neurodegenerative  disorder  with 
no  effective  protective  treatment.  Consistent  with  a  role  of  glial 
cells  in  PD  neurodegeneration,  here  we  show  that  minocycline, 
an  approved  tetracycline  derivative  that  inhibits  microglial  ac¬ 
tivation  independently  of  its  antimicrobial  properties,  mitigates 
both  the  demise  of  nigrostriatal  dopaminergic  neurons  and  the 
formation  of  nitrotyrosine  produced  by  MPTP,  In  addition,  we 
show  that  minocycline  not  only  prevents  MPTP-induced  acti¬ 
vation  of  microglia  but  also  the  formation  of  mature 
interleukin-1  0  and  the  activation  of  NADPH-oxidase  and  induc¬ 
ible  nitric  oxide  synthase  (iNOS),  three  key  microglial-derived 


cytotoxic  mediators.  Previously,  we  demonstrated  that  ablation 
of  iNOS  attenuates  MPTP-induced  neurotoxicity.  Now,  we 
demonstrate  that  iNOS  is  not  the  only  microglial-related  culprit 
implicated  in  MPTP-induced  toxicity  because  mutant  iNOS- 
deficient  mice  treated  with  minocycline  are  more  resistant  to 
this  neurotoxin  than  iNOS-deficient  mice  not  treated  with  mi¬ 
nocycline,  This  study  demonstrates  that  microglial-related  in¬ 
flammatory  events  play  a  significant  role  in  the  MPTP  neuro¬ 
toxic  process  and  suggests  that  minocycline  may  be  a  valuable 
neuroprotective  agent  for  the  treatment  of  PD. 

Key  words:  iNOS;  minocycline;  microglia ;  MPTP; 

NADPH-oxidase;  neurodegeneration;  Parkinson's  disease 


Parkinson’s  disease  (PD)  is  a  common  neurodegenerative  disor¬ 
der  whose  cardinal  clinical  features  include  tremor,  slowness  of 
movement,  stiffness,  and  postural  instability  (Fahn  and  Przedbor¬ 
ski,  2000).  These  symptoms  are  primarily  attributable  to  the 
degeneration  of  dopaminergic  neurons  in  the  substantia  nigra 
pars  compacta  (SNpc)  and  the  consequent  loss  of  their  projecting 
nerve  fibers  in  the  striatum  (Hornykiewicz  and  Kish,  1987;  Pa- 
kkenberg  et  aL,  1991).  Although  several  approved  drugs  do  alle¬ 
viate  PD  symptoms,  chronic  use  of  these  drugs  is  often  associated 
with  debilitating  side  effects  (Kostic  et  al,,  1991),  and  none  seems 
to  dampen  the  progression  of  the  disease.  So  far,  the  development 
of  effective  neuroprotective  therapies  is  impeded  by  our  limited 
knowledge  of  the  pathogenesis  of  PD.  However,  significant  in¬ 
sights  into  the  mechanisms  by  which  SNpc  dopaminergic  neurons 
may  die  in  PD  have  been  achieved  by  the  use  of  the  neurotoxin 
l-methyl4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP),  which  rep¬ 
licates  in  humans  and  nonhuman  primates  a  severe  and  irre¬ 
versible  PD-like  syndrome  (Przedborski  et  aL,  2000).  In  several 
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mammalian  species,  MPTP  reproduces  most  of  the  biochemical 
and  pathological  hallmarks  of  PD,  including  the  dramatic  neuro¬ 
degeneration  of  the  nigrostriatal  dopaminergic  pathway  (Przed¬ 
borski  et  aL,  2000), 

To  elucidate  PD  pathogenic  factors,  and  thus  to  develop  ther¬ 
apeutic  strategies  aimed  at  halting  its  progression,  we  revisited 
the  neuropathology  of  this  disease  in  search  of  putative  culprits. 
Aside  from  the  dramatic  loss  of  dopaminergic  neurons,  it  appears 
that  the  SNpc  is  also  the  site  of  a  robust  glial  reaction  in  PD  and 
experimental  models  of  PD  (Vila  et  aL,  2001b),  Although  gliosis 
and  especially  activated  microglia  may  sometimes  be  associated 
with  beneficial  effects,  often  gliosis  appears  to  be  deleterious 
(Vila  et  aL,  2001b).  For  instance,  microglial  cells,  which  are 
resident  macrophages  in  the  brain,  have  the  ability  to  react 
promptly  in  response  to  insults  of  various  natures  (Kreutzberg, 
1996)  in  that  resting  microglia  quickly  proliferate,  become  hyper¬ 
trophic,  and  increase  or  express  de  novo  a  plethora  of  marker 
molecules  (Banati  et  aL,  1993;  Kreutzberg,  1996).  The  multi¬ 
functional  nature  of  activated  microglia  encompasses  the  up- 
regulation  of  cell  surface  markers  such  as  the  macrophage 
antigen  complex-1  (MAC-1),  phagocytosis,  and  the  production 
of  cytotoxic  molecules,  including  reactive  oxygen  species 
(EOS),  nitric  oxide  (NO),  and  a  variety  of  proinflammatory 
cytokines  such  as  interleukin-1 0  (IL-10)  (Banati  et  aL,  1993; 
Gehrmann  et  aL,  1995;  Hopkins  and  Rothwell,  1995).  Given 
this,  there  is  little  doubt  that  activated  microglia,  through  the 
actions  of  aforementioned  factors,  can  inflict  significant  dam¬ 
age  on  neighboring  cells. 

Minocycline,  a  semisynthetic  second-generation  tetracycline,  is 
an  antibiotic  that  possesses  superior  penetration  through  the 
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brain-blood  barrier  (Aronson,  1980).  Minocycline  has  emerged 
as  a  potent  inhibitor  of  microglial  activation  (Amin  et  al.,  1996; 
Yrjanheikki  et  al.,  1998, 1999;  Tikka  and  Koistinaho,  2001;  Tikka 
et  al.,  2001a),  an  anti-inflammatory  property  completely  separate 
from  its  antimicrobial  action,  and  as  an  effective  neuroprotective 
agent  in  experimental  brain  ischemia  (Yrjanheikki  et  al.,  1998, 
1999),  in  the  R6/2  mouse  model  of  Huntington’s  disease  (Chen  et 
al.,  2000),  in  traumatic  brain  injury  (Sanchez  Mejia  et  al.,  2001), 
and  in  the  6-hydroxydopamine  model  of  PD  (He  et  al.,  2001).  In 
the  present  study,  we  report  that,  in  the  MPTP  mouse  model  of 
PD,  minocycline  (1)  mitigates,  in  a  dose-dependent  manner,  the 
loss  of  dopaminergic  cell  bodies  in  the  SNpc  and  of  nerve  termi¬ 
nals  in  the  striatum,  (2)  reduces  the  levels  of  nitrotyrosine,  a 
marker  of  protein  nitrative  modification,  (3)  prevents  microglial 
activation  with  minimal  effects  on  the  astrocytic  response,  (4) 
reduces  the  formation  of  mature  IL-1/3  and  decreases  activation 
of  NADPH-oxidase  and  upregulation  of  inducible  nitric  oxide 
synthase  (iNOS),  two  enzymes  implicated  in  microglial-derived 
production  of  ROS  and  NO,  respectively,  and  (5)  protects  against 
MPTP  beyond  the  beneficial  effect  of  iNOS  ablation  (Liberatore 
et  al.,  1999;  Dehmer  et  al.,  2000). 

MATERIALS  AND  METHODS 

Animals  and  treatment.  All  mice  used  in  this  study  were  8-week-old  male 
C57BL/6  mice  from  Charles  River  Laboratories  (Wilmington,  M  A)  and 
iNOS-deficient  mice  (C57BL/6-NOS2;  The  Jackson  Laboratory,  Bar 
Harbor,  ME)  and  their  wild-type  littermates  weighing  22-25  gm.  For 
MPTP  intoxication,  mice  received  four  intraperitoneal  injections  of 
MPTP-HC1  (18  or  16  mg/kg  of  free  base;  Sigma,  St.  Louis,  MO)  in 
saline  at  2  hr  intervals.  For  minocycline  treatment,  mice  received  twice 
daily  (12  hr  apart)  intraperitoneal  injections  of  varying  doses  of 
minocycline-HCl  ranging  from  1.4  to  45  mg/kg  (Sigma)  in  saline  starting 
30  min  after  the  first  MPTP  injection  and  continuing  through  4  addi¬ 
tional  days  after  the  last  injection  of  MPTP;  control  mice  received  saline 
only.  Mice  (n  =  5-8  per  group;  saline-saline,  saline-minocycline, 
MP TP-saline,  and  MPTP-minocycline)  were  killed  at  selected  time 
points,  and  their  brains  were  used  for  morphological  and  biochemical 
analyses.  Procedures  using  laboratory  animals  were  in  accordance  with 
the  National  Institutes  of  Health  guidelines  for  the  use  of  live  animals 
and  were  approved  by  the  institutional  animal  care  and  use  committee  of 
Columbia  University.  MPTP  handling  and  safety  measures  were  in 
accordance  with  our  published  recommendations  (Przedborski  et  al., 
2001b). 

Immunoblots.  Cytosolic  and  particulate  fractions  from  selected  mouse 
brain  regions  were  prepared  as  described  previously  (Vila  et  al.,  2001a) 
and  used  for  either  one-dimensional  Western  blot  or  dot-blot  analyses. 
For  Western  blots,  the  following  primary  antibodies  were  used:  mono¬ 
clonal  anti-p67phox  (1:1000;  Transduction  Laboratories,  Lexington, 
KY),  polyclonal  anti-calnexin  (1:2000;  Stressgen,  Victoria,  British  Co¬ 
lumbia,  Canada).  For  dot-blot  analyses,  25  pg  of  protein  extracts  were 
loaded  onto  the  0.2  p m  nitrocellulose  membrane  in  dot-blot  apparatus 
(Bio-Rad,  Hercules,  CA),  and  blots  were  probed  with  an  affinity-purified 
polyclonal  antibody  against  nitrotyrosine  (1:1000)  (Przedborski  et  al., 
2001a)  that  was  preconjugated  overnight  at  4°C  with  1:5000  dilution  of 
horseradish-labeled  donkey  anti-rabbit  IgG.  For  all  blots,  bound  primary 
antibody  was  detected  using  a  horseradish-conjugated  antibody  against 
IgG  and  a  chemiluminescent  substract  (SuperSignal  Ultra;  Pierce,  Rock¬ 
ford,  IL).  All  films  were  quantified  using  the  NIH  Image  analysis  system. 

RNA  extraction  and  reverse  transcription-PCR.  Total  RNA  was  ex¬ 
tracted  from  midbrain,  striatal,  and  cerebellar  samples  from  all  four 
groups  of  mice  at  selected  time  points  and  used  for  reverse  transcription- 
PCR  analysis  as  described  previously  (Vila  et  al.,  2001a).  The  primer 
sequences  used  in  this  study  were  as  follows:  for  mouse  MAC-1, 5'-CAG 
ATC  AAC  AAT  GTG  ACC  GTA  TGG-3'  (forward)  and  5' -CAT  CAT 
GTC  CTT  GTA  CTG  CCG  C-3'  (reverse);  for  mouse  glial  fibrillary 
acidic  protein  (GFAP),  5'-CAG  GCA  ATC  TGT  TAC  ACT  TG-3' 
(forward)  and  5'-ATA  GCA  CCA  GGT  GCT  TGA  AC-3'  (reverse);  and 
for  glyceraIdehyde-3-phosphate  dehydrogenase  (GAPDH),  5'-GTT  TCT 


TAC  TCC  TTG  GAG  GCC  AT-3'  (forward)  and  5'-TGA  TGA  CAT 
CAA  GAA  GTG  GTG  AA-3'  (reverse).  PCR  amplification  was  per¬ 
formed  for  26  cycles  for  MAC-1  and  GFAP  and  18  cycles  for  GADPH. 
After  amplification,  products  were  separated  on  a  5%  PAGE.  Gels  were 
dried  and  exposed  overnight  to  a  phosphorimager  screen,  and  then 
radioactivity  was  quantified  using  a  computerized  analysis  system  (Bio- 
Rad  Phospholmager  system). 

Immunohistochemistry  and  stereology.  Brains  were  fixed  and  processed 
for  immunostaining  as  described  previously  (Liberatore  et  al.,  1999). 
Primary  antibodies  used  in  this  study  were  as  follows:  rat  anti-MAC-1 
(1:200;  Serotec,  Raleigh,  NC),  mouse  anti-GFAP  (1:1000;  Boehringer 
Mannheim,  Indianapolis,  IN),  and  a  rabbit  polyclonal  anti-tyrosine  hy¬ 
droxylase  (TH)  (1:1000;  Calbiochem,  San  Diego,  CA).  Immunostaining 
was  visualized  by  using  either  3,3'-diaminobenzine  (brown)  or  SG  sub¬ 
strate  kit  (gray  blue;  Vector  Laboratories,  Burlingame,  CA).  Sections 
were  counterstained  with  thionin. 

The  total  number  of  TH-positive  SNpc  neurons  was  counted  in  the 
various  groups  of  animals  at  7  d  after  the  last  MPTP  or  saline  injection 
using  the  optical  fractionator  method  as  described  previously  (Liberatore 
et  al.,  1999).  This  is  an  unbiased  method  of  cell  counting  that  is  not 
affected  by  either  the  volume  of  reference  (SNpc)  or  the  size  of  the 
counted  elements  (neurons).  Striatal  density  of  TH  immunoreactivity 
was  determined  as  described  previously  (Burke  et  al.,  1990). 

Assay  of  NOS  catalytic  activity.  Ventral  midbrain  NOS  activity  was 
assessed  by  measuring  both  the  calcium-dependent  and  calcium- 
independent  conversion  of  [3H]arginine  to  [3H]citrulline  as  described 
previously  (Liberatore  et  al.,  1999). 

Mature  IL-lp  measurement.  Ventral  midbrain  content  of  mature  mu¬ 
rine  IL-1/3  was  done  as  described  using  an  enzyme-linked  immunosor- 
bend  assay  kit  specific  for  this  cytokine  (R  &  D  Systems,  Minneapolis, 
MN)  (Li  et  al.,  2000). 

Measurement  of  striatal  levels  of  l-methyl-4-phenylpyridinium .  This  was 
done  in  MPTP-saline  and  MPTP-minocycline  mice  killed  at  90  min 
after  one  intraperitoneal  injection  of  18  mg/kg  MPTP  using  an  HPLC 
method  with  ultraviolet  detection  (wavelength,  295  nm)  as  described 
previously  (Przedborski  et  al.,  1996). 

Synaptosomal  l-methylA-phenylpyridinium  uptake.  Naive  mice  were 
killed,  and  their  striata  were  dissected  out  and  processed  for  uptake 
experiments  as  described  previously  (Przedborski  et  al.,  1992).  The 
uptake  of  [3H]l-methyl-4-phenylpyridinium  (MPP  +)  was  assessed  in  the 
absence  and  presence  of  minocycline  (concentration  raging  from  1  to  330 
/xm).  The  assay  was  repeated  three  times,  each  time  using  duplicate 
samples. 

Mouse  tissue  slices  and  lactate  measurement.  Striatal  slices  (300  p m) 
were  prepared  and  processed  as  described  by  Kindt  et  al.  (1987)  using  50 
pM  MPP+  and  varying  concentrations  of  minocycline  (0-333  /ulm).  At 
the  end  of  the  incubation  (60  min;  37°C),  media  were  collected  and  used 
for  lactate  quantification  by  enzymatic  assay  based  on  the  formation  of 
NADH,  followed  by  340  nm  in  a  spectrophotometer.  The  assay  was 
repeated  three  times,  each  time  using  duplicate  samples. 

Statistical  analysis.  All  values  are  expressed  as  the  mean  ±  SEM. 
Differences  between  means  were  analyzed  using  a  two-tail  Student’s  t 
test.  Differences  among  means  were  analyzed  using  one-way  ANOVA, 
with  time,  treatment,  or  genotype  as  the  independent  factors.  When 
ANOVA  showed  significant  differences,  pairwise  comparisons  between 
means  were  tested  by  Newman -Keuls post  hoc  testing.  In  all  analyses,  the 
null  hypothesis  was  rejected  at  the  0.05  level. 

RESULTS 

Minocycline  attenuates  MPTP-induced 
dopaminergic  neurodegeneration 

As  illustrated  in  Figure  1G,  the  numbers  of  SNpc  TH-positive 
neurons  varied  significantly  among  the  various  groups  of  mice 
(F(9  71)  =  7.045; p  <  0.001).  MPTP,  18  mg/kg  for  four  injections 
over  8  hr,  caused  more  than  a  55%  reduction  in  the  number  of 
SNpc  dopaminergic  neuron  numbers,  as  evidenced  by  TH  immu¬ 
nostaining  (Fig.  1C,G).  In  MPTP-treated  mice,  minocycline  in¬ 
creased  significantly  the  number  of  surviving  SNpc  TH-positive 
neurons  in  a  dose-dependent  manner  (Fig.  ID,  G).  Minocycline  at 
a  dose  of  1.4  mg /kg  twice  daily  had  no  effect  on  MPTP  neuro- 
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MPTP  18  mg/kg:  -  -+  +  +  +  +  +-  - 

MPTP  16  mg/kg:  + 


MPTP  18  mg/kg:  -  +  +  - 

MPTP  16  mg/kg:  ----  +  + 

Minocycline:  -  +  -+-  + 


Minocycline  -  45  -  1  611  22  45  -  45 

(mg/kg): 

Figure  L  Effect  of  minocycline  on  MPTP-induced  SNpc  dopaminer¬ 
gic  neuronal  death.  In  saline-injected  control  mice  treated  without  (A) 
or  with  (B;  45  mg/kg  twice  daily)  minocycline,  there  are  numerous 
SNpc  TH-positive  neurons  (brown;  A,  B).  MPTP  (18  mg/kg  for  4 
injections)  reduces  the  number  of  SNpc  TH-positive  neurons  (C)  7  d 
after  the  last  injection.  In  mice  treated  with  both  MPTP  and  minocy¬ 
cline,  there  is  a  noticeable  attenuation  of  SNpc  TH-positive  neuronal 
loss  ( D ),  At  a  lower  MPTP  dosage  (16  mg/kg  for  4  injections),  loss  of 
TH-positive  structures  is  less  ( E )  and  minocycline  protection  is  more 
obvious  (F),  Scale  bar,  50  pm.  Bar  graph  shows  SNpc  TH-positive 
neuronal  counts  ( G )  assessed  under  the  various  experimental  condi¬ 
tions.  Minocycline  1,  <5,  li,  22,  ¥5,  Mice  injected  with  minocycline  at 
1.4,  6.1,  11.3,  22.5,  and  45,0  mg/kg  twice  daily.  *p  <  0.05,  fewer  than 
saline-injected  or  minocycline-injected  control  mice,  #p  >  0.05,  same 
as  MP TP-injected  mice.  **p  <  0.05,  fewer  than  control  mice  but  more 
than  MP  TP-injected  mice,  ##p  <  0.05,  more  than  MPTP-injected 
mice  and  not  different  from  control  mice.  Values  are  means  ±  SEM 
(n  =  6-8  per  group). 


Figure  2.  Effect  of  minocycline  on  MPTP-induced  striatal  dopaminergic 
fiber  loss.  In  saline-injected  control  mice  treated  without  (A)  or  with  (B; 
45  mg/kg  twice  daily)  minocycline,  there  are  a  high  density  of  striatal 
TH-positive  fibers.  MPTP  (18  mg/kg  for  4  injections)  reduces  the  density 
of  striatal  TH-positive  fibers  (C)  7  d  after  the  last  injection.  In  mice 
treated  with  both  MPTP  and  minocycline,  there  is  also  a  noticeable 
striatal  TH-positive  fiber  loss  (/>}.  At  a  lower  MPTP  dosage  (16  mg/kg 
for  4  injections),  loss  of  TH-positive  structures  is  less  (  E)  and  minocycline 
protection  is  obvious  (F).  Scale  bar,  1  mm.  Bar  graph  shows  striatal 
TH-positive  optical  density  (G)  assessed  under  the  various  experimental 
conditions  (F(533)  =  .41.475;  p  <  0.001).  *p  <  0.05,  fewer  than  saline- 
injected  or  minocycline-injected  control  mice.  #p  >  0,05,  same  as  MPTP- 
injected  mice.  **p  <  0,05,  more  than  MPTP-injected  mice  but  fewer  than 
control  mice.  Values  are  means  ±  SEM  (n  =  6-8  per  group). 

toxicity,  whereas  at  doses  of  11,25  mg/kg  twice  daily  and  higher, 
there  was  significant  neuroprotection  (Fig.  1G).  Even  at  the 
highest  dose  tested  (45  mg/kg  twice  daily),  minocycline  was  well 
tolerated  and  did  not  produce  any  behavioral  abnormality.  To  test 
whether  minocycline  could  provide  complete  neuroprotection,  we 
examined  another  group  of  mice  with  less  severe  SNpc  damage  by 
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Table  1.  Nitrotyrosine  levels  (pg//xg  protein) 

Saline  Minocycline  MPTP  MPTP-minocycline 

Ventral  midbrain  16.2  +  1.3  18.5  ±  1.7  32.2  ±  6.0*  21.8  +  1.8** 

Cerebellum  13.1  ±  0.8  14.0  ±  2.1  13.4  +  1.0  11.7  ±  1.1 


Nitrotyrosine  levels  are  significantly  different  among  groups  in  the  ventral  midbrain  (F(3>23)  =  4.56; p  <  0.05)  but  not  in  cerebellum  (F(3 23)  =  0.618;  p  >  0.05).  *p  <  0.05,  more 
than  saline-injected  and  minocycline-injected  control  mice.  **p  <  0.05,  less  than  MPTP-injected  mice  but  not  different  from  both  control  groups.  Saline,  Mice  injected  with 
saline;  Minocycline,  mice  injected  with  minocycline  only  (45  mg/kg  twice  daily);  MPTP,  mice  injected  with  MPTP  only  (18  mg/kg  MPTP  for  4  injections  in  one  day); 
MPTP-minocycline,  mice  injected  with  both  MPTP  and  minocycline.  Values  are  means  ±  SEM  («  -  6-8  per  group). 

Table  2.  Striatal  MPTP  metabolism 


MPP+  level 

Treatment 

MPTP  only 

MPTP-minocycline  pretreatment 

MPTP-minocycline  post-treatment 

pg/gm  tissue 

6.42  ±  0.92 

5.21  ±  0.66 

6.52  ±  0.59 

[3H]MPP+  uptake 

Minocycline  (p,M) 

0 

10 

100 

333 

%  of  control 

100 

98  +  3 

96  +  3 

82  +  1 

MPP+-induced  lactate 

Minocycline  (/am) 

0 

10 

100 

333 

/am/100  mg  protein 

74  ±4 

71  +  6 

70  ±6 

67  ±6 

For  MPP+  levels,  minocycline  (45  mg/kg)  was  given  either  30  min  before  or  after  MPTP  administration.  Values  are  means  ±  SEM  of  either  six  mice  per  group  (MPP+  levels) 
or  three  independent  experiments  each  performed  in  duplicate  ([3H]MPP+  uptake  and  lactate  levels).  None  of  the  presented  values  differ  significantly  (p  >  0.05)  from  MPTP 
only  (MPP+  levels)  or  from  0  pM  minocycline  ([3H]MPP+  uptake  and  lactate  levels). 


injecting  a  lower  dose  of  MPTP  (16  mg/kg  for  four  injections).  In 
mice  that  received  MPTP  only,  this  lower  regimen  reduced 
numbers  of  SNpc  TH-positive  neurons  by  —30%  compared  with 
controls  (Fig.  1  E,G).  Minocycline  at  45  mg/kg  twice  daily  pro¬ 
duced  >90%  protection  against  MPTP  at  16  mg/kg  for  four 
injections  (Fig.  1  F,G). 

Sparing  of  SNpc  dopaminergic  neurons  does  not  always  corre¬ 
late  with  sparing  of  their  corresponding  striatal  nerve  fibers 
(Liberatore  et  al.,  1999),  which  is  essential  for  maintaining  dopa¬ 
minergic  neurotransmission.  To  determine  whether  minocycline 
can  prevent  not  only  MP TP-induced  loss  of  SNpc  neurons  but 
also  the  loss  of  striatal  dopaminergic  fibers,  we  assessed  the 
density  of  TH  immunoreactivity  in  striata  from  the  different 
groups  of  mice  (Fig.  2).  Four  injections  of  MPTP  at  18  and  16 
mg/kg  reduced  striatal  TH  immunoreactivity  compared  with 
controls  by  96  and  79%,  respectively  (Fig.  2 C,£,G).  Mice  that 
received  minocycline  (45  mg/kg  twice  daily)  and  four  injections 
of  18  mg/kg  MPTP  (Fig.  2 D,G)  showed  no  protection  of  striatal 
dopaminergic  fibers,  whereas  mice  that  received  the  same  dose  of 
minocycline  and  four  injections  of  16  mg/kg  MPTP  (Fig.  2 F,G) 
showed  significant  sparing  of  striatal  TH-positive  fibers.  These 
findings  indicate  that  minocycline  protects  the  nigrostriatal  path¬ 
way  against  the  effects  of  the  parkinsonian  toxin  MPTP. 

Minocycline  decreases  MPTP-mediated 
nitrotyrosine  formation 

A  significant  part  of  the  MPTP  neurotoxic  process  is  mediated  by 
NO-related  oxidative  damage  (Przedborski  et  al.,  2000),  the  ex¬ 
tent  of  which  can  be  evaluated  by  assessing  nitrotyrosine  levels 
(Liberatore  et  al.,  1999;  Pennathur  et  al.,  1999).  In  saline-injected 
mice,  the  levels  of  nitrotyrosine  in  ventral  midbrain  were  similar 
between  non-minocycline  and  minocycline-treated  animals  (Ta¬ 
ble  1).  In  MPTP-injected  mice  (18  mg/kg  for  four  injections), 
nitrotyrosine  levels  were  significantly  increased  in  ventral  mid¬ 
brain  (brain  region  containing  SNpc)  and  unchanged  in  cere¬ 
bellum  (brain  region  unaffected  by  MPTP)  (Table  1).  MPTP 
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Figure  3.  Minocycline  prevents  MPTP-induced  MAC-1  transcription. 
A,  B,  Ventral  midbrain  MAC-1  mRNA  levels  but  not  GFAP  mRNA  levels 
are  increased  by  24  hr  after  MPTP  injection  compared  with  those  of 
saline-  or  minocycline-injected  mice.  Minocycline  prevents  MPTP- 
induced  MAC-1  mRNA  increases.  MAC-1  and  GFAP  mRNA  values  are 
normalized  with  GAPDH.  Values  are  mean  +  SEM  ratios  ( n  -  5-7  mice 
per  group).  Saline,  Saline-treated;  Me,  minocycline-treated;  MPTP , 
MPTP-treated;  M  +  Me,  MPTP  plus  minocycline-treated.  *p  <  0.05, 
higher  than  both  saline-  and  minocycline-injected  control  groups.  **/?  < 
0.05,  lower  than  MPTP-injected  group  and  not  different  from  both 
control  groups. 
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Figure  4,  Minocycline  prevents  MPTP-induced  microglia  reaction.  Microglia  cells  (brown)  and  TH-positive  neurons  ( gray  blue)  are  seen  in  both  SNpc 
and  striatum  of  all  mice.  One  day  after  the  last  MPTP  injection,  numerous  activated  microglia  (larger  cell  body,  poorly  ramified  short  and  thick 
processes)  are  seen  in  SNpc  ( A ,  B)  and  striatum  (C,  D),  Mice  injected  with  both  MPTP  and  minocycline  show  minimal  microglial  activation  in  SNpc 
( E )  and  striatum  ( G );  here,  microglial  cell  bodies  are  small  and  processes  are  thin  and  ramified  (F,  H),  Scale  bar:  A,  C,  E,  G,  1  mm;  B}  D,  F,  H,  100  |xm. 


produced  significantly  smaller  increases  in  nitrotyrosine  levels 
in  ventral  midbrains  of  minocycline  (45  mg  /kg  twice  daily)- 
treated  mice  than  in  their  non-minocycline- treated  counter¬ 
parts  (Table  1),  This  confirms  that  minocycline  not  only  atten¬ 
uates  the  morphological  but  also  the  biochemical  impacts  of 
MPTP  neurotoxicity, 

MPTP  metabolism  is  unaffected  by  minocycline 

The  main  determining  factors  of  MPTP  neurotoxic  potency  are 
its  conversion  in  the  brain  to  MPP+  followed  by  MPP+  entry 
into  dopaminergic  neurons  and  its  subsequent  blockade  of  mito¬ 
chondrial  respiration  (Przedborski  et  al,  2000),  To  ascertain  that 
resistance  to  the  neurotoxic  effects  of  MPTP  provided  by  mino¬ 
cycline  was  not  attributable  to  alterations  in  any  of  these  three  key 
MPTP  neurotoxic  steps,  we  measured  striatal  levels  of  MPP  +  90 
min  after  injection  of  18  mg/kg  MPTP,  striatal  uptake  of 
[3H]MPP^  into  synaptosomes,  and  striatal  MPP + -induced  lac¬ 
tate  production,  a  reliable  marker  of  mitochondrial  inhibition 
(Kindt  et  a!.,  1987)  (Table  2),  These  investigations  showed  that 
striatal  levels  of  MPP+  did  not  differ  between  MPTP-injected 
mice  that  either  received  or  did  not  receive  minocycline  (45 
mg/kg)  30  min  after  MPTP  administration.  In  addition,  minocy¬ 
cline  up  to  333  ju-M  (maximal  solubilizing  concentration)  did  not 
affect  striatal  uptake  of  [3H]MPP+  or  MPP  ^-induced  lactate 
production  (Table  2). 

Minocycline  inhibits  MPTP-induced 
microglial  activation 

To  determine  whether  neuroprotection  by  minocycline  is  associ¬ 
ated  with  inhibition  of  MPTP-induced  glial  response,  we  exam¬ 


ined  the  expression  of  MAC-1,  a  specific  marker  for  microglia, 
and  GFAP,  a  specific  marker  for  astrocytes.  As  shown  in  Figure 
3B,  MAC-1  mRNA  contents  (F(3> 23>  =  4.252;  p  <  0,05),  but  not 
GFAP  mRNA  contents  (F(3  i8)  =  2.843;  p  >  0.05),  varied  signif¬ 
icantly  among  the  various  group  of  mice.  In  saline-injected  mice, 
ventral  midbrain  expression  of  MAC-1  and  GFAP  mRNA  was 
minimal  (Fig.  3 A,B).  In  these  animals,  only  a  few  faintly  immu- 
noreactive  resting  microglia  and  astrocytes  were  observed  in 
SNpc  and  striatum  by  immunostaining  (data  no  shown).  In 
MPTP-injected  mice  (18  mg/kg  for  four  injections)  without  treat¬ 
ment  with  minocycline,  ventral  midbrain  expression  of  MAC-1 
mRNA  was  significantly  higher,  whereas  expression  of  GFAP 
mRNA,  although  also  higher,  was  not  significantly  increased 
compared  with  saline  controls  (Fig.  3).  Morphologically,  numer¬ 
ous  robustly  immunoreactive  MAC -1-positive  activated  micro¬ 
glia  were  observed  24  hr  after  the  last  injection  of  the  toxin  (Fig. 
4 A-D),  Although  GFAP  immunostaining  appeared  somewhat 
increased  at  24  hr  after  the  last  MPTP  injection  (Fig.  SA.B),  the 
strongest  GFAP  reaction  was  noted  7  d  after  the  last  injection  of 
MPTP  (Fig.  5CJD).  Conversely,  in  MPTP-injected  mice  treated 
with  minocycline  (45  mg/kg  twice  daily),  ventral  midbrain 
MAC-1  mRNA  contents  (Fig.  3)  and  SNpc  and  striatal  immuno¬ 
staining  were  similar  to  those  seen  in  saline-injected  mice  (Fig. 
4E-H ).  In  contrast,  in  MPTP-injected  minocycline-treated  mice, 
ventral  midbrain  GFAP  mRNA  content  (Fig,  3)  and  SNpc  immu¬ 
nostaining  (Fig,  5E,F)  were  almost  as  high  and  as  intense  as  in 
MPTP-only  mice.  Staining  with  Isolectin  B-4  (Sigma),  another 
marker  for  microglia,  gave  results  similar  to  that  of  MAC-1  (data 
not  shown). 
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Figure  5.  Minocycline  does  not  affect  MPTP-induced  astrocytic  reac¬ 
tion.  One  day  after  the  last  injection  of  MPTP,  there  is  a  mild  astrocytic 
response  (A,  B)y  but  7  d  after  the  last  injection  of  MPTP,  it  becomes 
conspicuous  (C,  D).  Minocycline  does  not  affect  the  astrocytic  response 
(E,  F)  1  d  after  MPTP  administration.  Scale  bar:  A,  C,  E,  1  mm;  B,  D,  F, 
100  ix m. 


Minocycline  prevents  the  production  of 
microglial-derived  deleterious  mediators 

Given  the  effect  of  minocycline  on  MPTP-induced  microglial 
activation,  we  assessed  whether  the  production  of  known  mi¬ 
croglial  noxious  mediators  such  as  IL-lj3,  ROS,  and  NO  will 
also  be  inhibited  by  minocycline  (Fig.  6).  The  levels  of  ventral 
midbrain  IL-1/3  differed  significantly  among  the  four  group  of 
mice  (F(3j21)  =  7.946;  p  <  0.001)  (Fig.  6A).  Ventral  midbrain 
levels  of  the  proinflammatory  cytokine  IL-1/3  in  MPTP- 
injected  mice  (18  mg/kg  for  four  injections)  were  significantly 
increased  (Fig.  6 A).  However,  MPTP  produced  significantly 
smaller  increases  in  IL-1/3  levels  in  ventral  midbrain  of  MPTP 
mice  treated  with  minocycline  (45  mg/kg  twice  daily)  (Fig. 
6A).  iNOS  activity  (F(3>2 4>  =  9.055;  p  <  0.001)  and  the  ratio  of 
membrane/total  p67pho*  (F(323)  =  4.336;  p  <  0.05)  also  varied 
significantly  among  the  various  groups.  iNOS  and  NADPH- 
oxidase,  two  prominent  enzymes  of  activated  microglia  that 
produce  NO  and  ROS,  respectively,  exhibited  induction  pat¬ 
terns  similar  to  those  described  for  IL-lj3  in  that  ventral 
midbrain  iNOS  activity  was  increased  by  200%  (Fig.  6 B)  and 


NADPH-oxidase  activation,  evidenced  by  the  translocation  of 
its  subunit  p67phox  from  the  cytosol  to  the  plasma  membrane, 
was  increased  by  80%  24  hr  after  the  last  injection  of  MPTP 
(Fig.  6C,D).  MPTP-induced  iNOS  activity  and  NADPH- 
oxidase  were  both  abolished  by  minocycline  administration 
(Fig.  6 B-D). 

Minocycline  confers  resistance  to  MPTP  beyond 
iNOS  ablation 

Previously,  it  has  been  demonstrated  that  iNOS  ablation  attenu¬ 
ates  MPTP  neurotoxicity  (Liberatore  et  al.,  1999;  Dehmer  et  al., 
2000).  Thus,  to  demonstrate  whether  minocycline-mediated 
blockade  of  microglial  activation  protects  solely  because  it  inhib¬ 
its  iNOS  induction,  we  compared  the  effect  of  MPTP  (16  mg/kg 
for  four  injections)  on  the  network  of  striatal  dopaminergic  nerve 
fibers  between  mutant  iNOS-deficient  mice  that  received  or  did 
not  receive  minocycline  (45  mg/kg  twice  daily).  As  shown  in 
Figure  7,  MPTP  administration  reduced  by  >80%  the" striatal 
density  of  TH-positive  fibers  both  in  wild-type  and  iNOS"7" 
mice;  this  is  consistent  with  our  previous  data  that  ablation  of 
iNOS  protects  against  MPTP-induced  SNpc  dopaminergic  neu¬ 
ronal  loss  but  not  against  MPTP-induced  striatal  dopaminergic 
fiber  destruction  (Liberatore  et  al.,  1999).  In  contrast,  striatal 
TH-positive  fiber  densities  were  more  than  twofold  higher  in  1 
MPTP-treated  wild-type  and  iNOS"7"  mice  that  received  mino¬ 
cycline  compared  with  those  that  did  not  receive  minocycline 
(Fig.  7).  However,  there  was  no  difference  in  the  magnitude  of  the 
minocycline  beneficial  effect  between  MPTP-treated  iNOS"7" 
mice  and  their  MPTP-treated  wild-type  counterparts  (Fig.  7). 

DISCUSSION 

The  main  finding  of  this  study  is  that  inhibition  of  microglial 
activation  by  minocycline  protects  the  nigrostriatal  dopaminergic 
pathway  against  the  noxious  effects  of  the  parkinsonian  toxin 
MPTP.  In  mice  that  received  minocycline,  MPTP  caused  signif¬ 
icantly  less  neuronal  death  in  the  SNpc,  as  evidenced  by  the 
greater  number  of  TH-positive  neurons,  compared  with  those 
that  received  MPTP  only  (Fig.  1).  Although  less  prominent,  a 
similar  observation  was  made  for  striatal  dopaminergic  nerve 
terminals  (Fig.  2).  The  magnitude  of  resistance  to  MPTP  in  mice 
appears  to  result  from  a  balance  between  the  dose  of  minocycline 
and  the  dose  of  MPTP  (Fig.  1),  with  the  greatest  neuroprotection 
observed  in  mice  that  received  >11.25  mg/kg  minocycline  twice 
daily  and  MPTP  at  16  mg/kg  four  times  in  1  d  and  the  least 
neuroprotection  in  mice  that  received  the  regimen  of  minocycline 
at  6.1  mg/kg  twice  daily  and  MPTP  at  18  mg/kg  four  times  in  1  d. 
In  our  study,  minocycline  was  given  twice  daily  beginning  on  the 
day  of  MPTP  administration  and  continuing  through  4  d  there¬ 
after  because  of  its  long  half-life  (>12  hr)  and  because  we  showed 
that,  with  this  MPTP  regimen,  nigrostriatal  degeneration  occurs 
during  the  first  4  d  after  the  last  injection  of  MPTP  (Jackson- 
Lewis  et  al.,  1995).  Therefore,  we  cannot  exclude  that  greater 
protection  could  have  been  achieved  if  minocycline  had  been 
administered  more  frequently  or  for  a  longer  period  of  time. 
Also,  because  we  focused  our  assessment  of  nigrostriatal  neuro¬ 
degeneration  at  7  d  after  MPTP  administration,  we  cannot  ex¬ 
clude  with  certainty  that  minocycline  had  delayed  rather  than 
prevented  neuronal  death.  However,  in  light  of  what  we  know 
about  how  minocycline  presumably  mitigates  cellular  damage  in  a 
variety  of  experimental  models  (Tikka  and  Koistinaho,  2001; 
Tikka  et  al.,  2001a),  the  aforementioned  possibility  appears  un¬ 
likely.  In  addition,  we  did  not  pretreat  mice  with  minocycline 
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Figure  6 .  Effects  of  MPTP  and  minocycline  on  microglial-derived  deleterious  factors  IL-1/3  (.4),  iNOS  (B%  and  NADPH-oxidase  (C,  D),  MPTP  (18 
mg/kg  for  4  injections)  increases  ventral  midbrain  mature  IL-1/3  formation,  iNOS  catalytic  activity,  and  NADPH-oxidase  activation,  as  evidenced  by 
the  translocation  of  its  subunit  p67phox  from  the  cytosol  to  the  plasma  membrane,  1  d  after  the  last  injection  of  MPTP.  Minocycline  (45  mg/kg  twice 
daily)  attenuates  MPTP-related  effects  on  mature  IL-1/3,  iNOS,  and  NADPH-oxidase.  Saline ,  Saline-treated;  Me,  minocycline-treated;  M,  MPTP- 
treated;  M+Mc,  MPTP  plus  minocycline-treated.  *p  <  0.05,  more  than  saline-injected  or  minocycline-injected  control  mice.  **p  <  0.05,  less  than 
MP TP-injected  mice  but  not  different  from  both  control  groups.  Values  are  means  ±  SEM  (n  =  5-8  mice  per  group). 


because  we  found  that  administration  of  minocycline  before 
MPTP  injection  reduces  striatal  MPP+  levels  by  20%  (Table  2), 
which  could  complicate  the  interpretation  of  minocycline  neuro¬ 
protection.  Indeed,  it  Is  established  that  striatal  contents  of 
MPP+  correlate  linearly  with  magnitudes  of  MPTP  toxicity 
(Giovanni  et  al.,  1991).  Thus,  to  avoid  this  potential  confounding 
factor  in  our  study,  all  mice  were  injected  first  with  MPTP  and 
then  with  minocycline,  which  we  found  not  to  affect  striatal 
MPP+  levels  (Table  2),  Along  this  line,  it  is  also  worth  mention¬ 
ing  that  minocycline,  as  used  here,  not  only  failed  to  alter  M  PP  + 
levels  but  also  failed  to  interfere  with  other  key  aspects  of  MPTP 
metabolism  (Przedborski  et  al.,  2000),  such  as  entry  of  MPP  + 
into  dopaminergic  neurons  and  inhibition  of  mitochondrial  res¬ 
piration  at  concentrations  as  high  as  333  pM  (Table  2). 

Nitrotyrosine  is  a  fingerprint  of  NO-derived  modification  of 
protein  and  has  been  documented  as  one  of  the  main  markers  of 
oxidative  damage  mediated  by  MPTP  (Schulz  et  al.,  1995;  Ara  et 
al,,  1998;  Liberatore  et  al,,  1999;  Pennathur  et  al.,  1999;  Przed¬ 
borski  et  al,,  2001a),  Consistent  with  our  previous  studies  (Lib¬ 
eratore  et  al.,  1999;  Pennathur  et  al.,  1999),  nitrotyrosine  levels 
increased  substantially  in  brain  regions  affected  by  MPTP,  such 
as  ventral  midbrain,  but  not  in  brain  regions  unaffected  by 
MPTP,  such  as  cerebellum  (Table  1),  As  wdth  the  loss  of  SNpc 
neurons  and  striatal  fibers,  minocycline  dramatically  attenuated 
ventral  midbrain  increases  in  nitrotyrosine  levels  (Table  1),  Col¬ 
lectively,  our  data  demonstrate  that  minocycline  protects  against 
morphological  as  well  as  biochemical  abnormalities  that  arise 
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Figure  Z  Minocycline  attenuates  MPTP-induced  striatal  damage  by 
Inhibiting  microglia  but  not  just  by  Inhibiting  INOS.  The  optical 
density  of  striatal  TH-positive  fibers  varied  significantly  among  the 
various  groups  {F(141^  ~  83.576;  p  <  0.001),  Minocycline ,  Mice  injected 
with  minocycline  45  mg /kg  twice  daily.  MPTP,  Mice  injected  with 
MPTP  (4  injections  of  16  mg/ kg).  <  0.05,  fewer  than  saline-injected 
or  minocycline-injected  control  mice.  #p  <  0.05,  fewer  than  control 
mice  but  no  different  than  wild-type  mice  Injected  with  MPTP,  **p  < 
0.05,  fewer  than  control  but  more  than  MPTP-injected  mice.  #  #p  < 
0,05,  more  than  MPTP-injected  mice  but  no  different  from  wild-type 
mice  injected  with  both  MPTP  and  minocycline. 
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from  MPTP  insult.  That  said,  we  now  need  to  consider  the  nature 
of  the  mechanism  underlying  the  beneficial  effects  of  minocycline 
on  MPTP  neurotoxicity. 

Previously,  we  demonstrated  that,  aside  from  a  dramatic  loss  of 
dopaminergic  neurons,  gliosis  is  a  striking  neuropathological  fea¬ 
ture  in  the  SNpc  and  the  striatum  in  the  MPTP  mouse  model  as 
in  PD  (Liberatore  et  al.,  1999).  However,  activated  microglia 
appear  in  the  SNpc  earlier  than  reactive  astrocytes  (Liberatore  et 
al.,  1999)  and  at  a  time  when  only  minimal  neuronal  death  occurs 
(Jackson-Lewis  et  al.,  1995).  This  supports  the  contention  that 
the  microglial  response  to  MPTP  arises  early  enough  in  the 
neurodegenerative  process  to  contribute  to  the  demise  of  SNpc 
dopaminergic  neurons.  Consistent  with  this  is  the  demonstration 
that  direct  injection  of  the  known  microglial  activator  lipopoly- 
saccharide  into  the  rat  SNpc  causes  a  strong  microglial  response 
associated  with  significant  dopaminergic  neuronal  death  (Cas- 
tano  et  al.,  1998;  Herrera  et  al.,  2000;  Kim  et  al.,  2000).  Given 
these  data,  the  key  to  the  minocycline  neuroprotective  effect  in 
the  MPTP  mouse  model  may  lie  in  the  second  main  finding  of  our 
study,  which  is  that  minocycline  prevented  MPTP-induced  mi¬ 
croglial  response  in  both  the  SNpc  and  the  striatum  (Figs.  3,  4).  In 
contrast,  minocycline  did  not  alter  MP  TP-related  astrocytic  re¬ 
sponse  (Fig.  5).  These  results  suggest  that  minocycline  acts  on 
microglia  specifically  and  not  on  all  components  of  gliosis.  Our 
data  also  support  the  view  that  reduction  of  MP  TP-related  mi¬ 
croglial  response  seen  after  minocycline  administration  is  not 
secondary  to  the  attenuation  of  neuronal  loss  but  rather  the 
reverse.  This  interpretation  does  not  rule  out,  however,  that  at 
least  some  of  the  neuroprotection  of  minocycline  against  MPTP 
is  attributable  to  a  direct  action  on  neurons  as  suggested  previ¬ 
ously  (Tikka  et  al.,  2001b). 

Inhibition  of  microglial  activation  using  minocycline  has  also 
been  demonstrated  in  vitro  (Tikka  et  al.,  2001b)  and  in  other 
experimental  models  of  acute  and  chronic  brain  insults  (Yrjan- 
heikki  et  al.,  1998, 1999;  Tikka  and  Koistinaho,  2001;  Tikka  et  al., 
2001a)  and  results,  presumably,  from  the  blockade  of  p38 
mitogen-activated  protein  kinase  (Tikka  et  al.,  2001a).  It  is  be¬ 
lieved  that  activated  microglia  exerts  cytotoxic  effects  in  the  brain 
through  two  very  different  and  yet  complementary  processes 
(Banati  et  al.,  1993).  First,  they  can  act  as  phagocytes,  which 
involve  direct  cell-to-cell  contact.  Second,  they  are  capable  of 
releasing  a  large  variety  of  potentially  noxious  substances  (Banati 
et  al.,  1993).  Consistent  with  the  notion  that  minocycline  inhibits 
the  ability  of  microglia  to  respond  to  injury,  we  show  that  mino¬ 
cycline  not  only  prevents  the  microglial  morphological  response 
to  MPTP  but  also  the  microglial  production  of  cytotoxic  media¬ 
tors  such  as  IL-1/3  and  the  induction  of  critical  ROS-  and  NO- 
producing  enzymes  such  as  NADPH-oxidase  and  iNOS  (Fig.  6). 
Although  we  did  not  test  this,  it  is  quite  relevant  to  mention  that 
minocycline  may  also  prevent  the  induction  of  cyclooxygenase-2, 
a  key  enzyme  in  the  production  of  potent  proinflammatory  pro¬ 
stanoids,  either  directly  or  indirectly  via  the  blockade  of  IL-1/3 
formation  (Yrjanheikki  et  al.,  1999).  Little  is  known  about  the 
actual  role  of  IL-1/3  in  either  MPTP  or  PD  neurodegenerative 
process,  except  that  IL-1/3  immunoreactivity  is  found  in  glial  cells 
from  postmortem  PD  SNpc  samples  (Hunot  et  al.,  1999)  and  that 
blockade  of  interleukin  converting  enzyme,  the  known  activator 
of  IL-1/3,  attenuates  MPTP-induced  neurodegeneration  in  mice 
(Klevenyi  et  al.,  1999).  As  for  ROS,  oxidative  stress  is  a  promi¬ 
nent  pathogenic  hypothesis  in  both  MPTP  and  PD  (Przedborski 
and  Jackson-Lewis,  2000).  However,  many  of  the  microglial- 
derived  ROS,  such  as  superoxide,  cannot  readily  transverse  cel¬ 


lular  membranes  (Halliwell  and  Gutteridge,  1991),  making  it 
unlikely  that  these  extracellular  reactive  species  gain  access  to 
dopaminergic  neurons  and  trigger  intraneuronal  toxic  events. 
Alternatively,  superoxide  can  react  with  NO  in  the  extracellular 
space  to  form  the  highly  reactive  tissue-damaging  species  per- 
oxynitrite,  which  can  cross  the  cell  membrane  and  injure  neurons. 
Therefore,  microglial-derived  superoxide,  by  contributing  to  per- 
oxynitrite  formation,  may  be  significant  in  this  model.  As  for  NO 
in  both  MPTP  and  PD,  the  pivotal  pathogenic  role  for  microglial- 
derived  NO  is  supported  by  the  demonstration  that  ablation  of 
iNOS  attenuates  SNpc  dopaminergic  neuronal  death  (Liberatore 
et  al.,  1999;  Dehmer  et  al.,  2000)  and  the  production  of  ventral 
midbrain  nitrotyrosine  after  MPTP  administration  (Liberatore 
et  al.,  1999).  In  this  context,  it  is  worth  mentioning  that  minocy¬ 
cline,  which  protects  in  global  brain  ischemia  (Yrjanheikki  et  al., 
1998)  and  in  a  mouse  model  of  Huntington’s  disease  (Chen  et  al., 
2000),  appears  to  do  so  by  abating  iNOS  expression  and  activity. 
Remarkably,  iNOS  ablation  does  protect  SNpc  neurons  from 
MPTP  toxicity  but  does  not  protect  striatal  nerve  terminals  and 
does  not  prevent  microglial  activation  (Liberatore  et  al.,  1999). 
This  is  in  striking  contrast  to  the  effect  of  minocycline  treatment, 
which  protects  both  dopaminergic  cell  bodies  and  nerve  fibers  and 
inhibits  the  entire  microglial  response.  This  strongly  suggests  that 
microglial-associated  deleterious  factors  other  than  iNOS  are 
involved  in  the  demise  of  the  nigrostriatal  pathway  in  the  MPTP 
mouse  model  of  PD  and  possibly  in  PD  itself.  Consistent  with  this 
interpretation  are  our  data  in  iNOS  _/"  mice  (Fig.  7),  which  show 
that  minocycline  protects  striatal  dopaminergic  fibers  regardless 
of  the  presence  or  absence  of  iNOS  expression.  Therefore,  our 
study  provides  strong  support  to  the  idea  that  activated  microglia 
are  important  contributors  to  the  overall  demise  of  SNpc  dopa¬ 
minergic  neurons  in  the  MPTP  mouse  model  of  PD  and,  possi¬ 
bility,  in  PD  itself.  It  also  suggests  that  therapeutic  interventions 
aimed  at  preventing  the  loss  of  striatal  dopaminergic  fibers,  which 
is  essential  to  maintaining  dopaminergic  neurotransmission,  must 
target  microglial-derived  factors  other  than  iNOS. 
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Parkinson’s  disease  (PD)  is  a  common  neurode- 
generative  disorder  whose  cardinal  features  in¬ 
clude  tremor,  slowness  of  movement,  stiffness, 
and  poor  balance  (1).  Most,  if  not  all,  of  these 
disabling  symptoms  are  secondary  to  a  pro¬ 
found  reduction  in  striatal  dopamine  content, 
caused  by  the  loss  of  dopaminergic  neurons  in 
the  substantia  nigra  parsxompacta  (SNc)  and  of 
their  projecting  nerve  fibers  in  the  striatum 
(23).  Although  several  approved  drugs  do  alle¬ 
viate  PD  symptoms,  their  chronic  use  is  often 
associated  with  debilitating  side  effects  (4),  and 
none  seems  to  dampen  the  progression  of  the 
disease.  Moreover,  the  development  of  effective 
Inventive  or  protective  therapies  is  impeded  by 
^limited  knowledge  of  the  cause  (i.e.,  etiol- 
l  and  mechanisms  (i.e.,  pathogenesis)  by 
i  dopaminergic  neurons  die  in  PD. 
ough  neither  the  etiology  nor  the  patho- 
;  of  PD  has  yet  been  elucidated,  this  last 
f- has  witnessed  an  explosion  of  invalu- 
rch,  which  unquestionably  has  pro- 
|critical  insights  into  our  current  under- 
of  this  illness.  Accordingly,  in  this 
pwe  give  an  overview  of  what  we  be- 
>  the  key  findings  of  the  past  10  years  in 
pWe  also  try  to  place  each  of  these 
l^vithin  the  context  of  what  appears  to 
^  to  date,  the  direction  in  which  the 
(  research  seems  to  be  evolving.  One 


caveat  of  our  approach  resides  in  the  fact  that 
the  goal  of  this  chapter  is  to  provide  a  “flavor” 
for  the  field  of  PD  research  rather  than  a  com¬ 
prehensive  review.  Therefore,  the  reader  must 
be  aware  that  only  selected  aspects  of  the  re¬ 
search  performed  in  PD  are  reviewed  and  dis¬ 
cussed.  Along  this  line,  the  reader  should  also 
know  that  this  chapter  does  not,  except  inciden¬ 
tally,  review  the  large  core  of  research  dealing 
with  “symptomatic  therapies,”  whether  the  ap¬ 
proach  is  pharmacological  or  surgical,  which 
are  discussed  elsewhere  in  this  book. 

ETIOLOGY  OF  PD 

If  the  goal  is  to  prevent  PD  and  to  diagnose 
it  before  any  actual  neurodegeneration  occurs, 
then  we  must  unravel  the  etiology  of  this  dis¬ 
order.  For  many  years,  the  two  main  hypothe¬ 
ses  for  the  etiology  of  PD  that  have  prevailed 
have  been  the  toxic  and  the  genetic  hypothe¬ 
ses.  As  we  will  see,  there  is  supportive  evi¬ 
dence  for  both  hypotheses,  and  neither  one  is 
exclusive  of  the  other. 

Toxic  Hypothesis 

According  to  this  hypothesis,  it  is  proposed 
that  a  deleterious  compound  may  be  present  in 
our  environment,  even  in  low  amounts,  and 
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that  over  time  it  may  accumulate  in  our  organ¬ 
ism  and  ultimately  reach  a  threshold  level  that 
will  cause  it  to  unleash  its  damaging  properties 
against  the  dopaminergic  system.  A  significant 
support  for  an  “exogenous  or  environmental 
toxin”  has  been  provided  by  the  discovery  that 
1  -methyl-4-phenyl-l  ,2,3,6-tetrahydropyridine 
(MPTP)  can  cause  a  parkinsonian  syndrome  in 
humans  almost  identical  to  PD  (5).  Also  rele¬ 
vant  is  the  fact  that  1  -methyl-4-phenylpyri- 
dimium  (MPP+),  MPTP’s  active  metabolite, 
has  been  extensively  used  as  an  herbicide  in 
many  countries  around  the  world,  as  has 
paraquat,  which  has  a  striking  structural  simi¬ 
larity  to  MPP+.  Furthermore,  a  rural  environ¬ 
ment  has  often  been  found  to  be  associated 
with  an  elevated  risk  of  PD  (6).  In  keeping  with 
this,  factors  such  as  herbicides,  pesticides,  and 
well  water  have  all  been  incriminated  in  the  oc¬ 
currence  of  PD  (6).  To  date,  it  remains,  how¬ 
ever,  that  despite  all  of  these  supportive  obser¬ 
vations,  no  actual  compound,  related  to  the 
MPTP  family  or  not,  has  been  unequivocally 
linked  to  the  development  of  PD.  Alternatively, 
it  has  also  been  proposed  that  perhaps  the  pu¬ 
tative  parkinsonian  toxin  is  not  exogenous  but 
rather  is  produced  by  our  own  metabolism,  giv¬ 
ing  rise  to  the  “endogenous  toxin”  hypothesis 
of  PD  (7).  According  to  this  model,  a  noxious 
compound  would  be  produced  in  response  to 
either  a  defective  or  a  variant  metabolic  path¬ 
way.  In  keeping  with  this  view  is  the  sugges¬ 
tion  that  patients  harboring  specific  polymor¬ 
phisms  in  the  gene  encoding  for  the 
cytochrome  P450  may  be  at  greater  risk  of  de¬ 
veloping  young-onset  PD  (8).  Furthermore, 
several  isoquinoline  derivatives,  which  can  kill 
dopaminergic  neurons,  have  been  recovered 
from  the  brains  of  PD  patients  and  thus  are  re¬ 
garded  by  several  experts  as  potential  endoge¬ 
nous  parkinsonian  neurotoxins  (9).  Among 
these,  tetrahydroisoquinoline  (TIQ),  1-benzyl- 
TIQ,  and  (7?)-l,2-dimethyl-5,6-dihydroxy-TIQ 
have  the  most  potent  neurotoxic  effects  (9). 

Genetic  Hypothesis 

During  the  last  decade,  there  has  been  a 
clear  waning  and  waxing  of  enthusiasm  for 


the  role  of  genetics  in  the  etiology  of  PD. 
However,  during  the  past  few  years  there  has 
been  an  upsurge  of  interest  in  the  genetics  of 
PD,  triggered  by  several  breakthroughs  ob¬ 
tained  in  familial  forms  of  parkinsonism.  For 
instance,  point  mutations  in  the  a-synuclein 
gene,  located  on  chromosome  4,  have  been 
found  to  cause  an  autosomal  dominant 
parkinsonian  syndrome  (10,1 1).  The  two  mis- 
sense  mutations  identified  thus  far  result  in  a 
single  amino  acid  substitution  in  a-synuclein 
protein,  that  is,  an  alanine  being  replaced  by  a 
hydrophobic  residue  threonine  at  position  53 
and  by  proline  at  position  30.  Since  the  dis¬ 
covery  of  these  mutations,  data  have  been  ac¬ 
cumulated  suggesting  that  both  mutations 
may  alter  a-synuclein’s  normal  intracellular 
distribution,  enhance  a-synuclein’s  propen¬ 
sity  to  interact  with  other  intracellular  pro¬ 
teins,  and  increase  a-synuclein’s  disposition 
to  aggregate  and  consequently  to  form  intra¬ 
neuronal  inclusions  (12-16).  However,  thus 
far,  efforts  to  identify  a-synuclein  mutations 
in  sporadic  PD  have  failed  (17-19).  On  the 
other  hand,  in  sporadic  PD,  a-synuclein  has 
been  demonstrated  to  be  a  major  component 
of  the  intraneuronal  inclusions  Lewy  bodies, 
which  are  a  pathologic  hallmark  of  the  disease 
(20,21).  In  addition,  we  have  recently  demon¬ 
strated  that  a-synuclein  is  up-regulated  in 
dopaminergic  neurons  of  the  SNc  after  MPTP 
administration  to  mice  (22).  However,  the 
normal  function  of  this  protein  and  its  impli¬ 
cations  for  the  pathogenesis  of  PD  remain  to  | 
be  determined. 

The  gene  for  an  autosomal  recessive  form 
of  juvenile  parkinsonism  has  also  recently | 
been  identified  and  encoded  for  a  protein  j 
called  parkin  (23).  More  recently,  a  suscepti-i 
bility  locus  for  PD  has  been  mapped  to  chro-J 
mosome  2pl3  (24),  and  a  point  mutation^ 
the  gene  encoding  for  a  key  enzyme 
ubiquitin  pathway  has  been  identified  in 
family  with  parkinsonism  (25).  In  light  of  2 
of  these  discoveries,  we  can  conclude 
there  is  increasing  evidence  that  genetic 
tors  might  play  a  role  in  PD.  However,  the 
studies  also  show  quite  clearly  that  onfyj 
small  number  of  the  multigenerational 
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j  in  the  cited  investigations  have  con- 
Ipathology  of  PD,  and  most  of  the  af- 
ily  members  exhibit  atypical  fea- 
|uch  as  an  onset  at  younger  age,  rapid 
and  often  dementia.  Moreover,  the 
fof  inheritance  of  the  parkinsonism 
f  these  families  is  highly  variable,  rang- 
!om  autosomal  dominant  to  autosomal 
and  even  the  possibility  of  being 
nally  transmitted  (26),  raising  the  poten- 
of  a  genetic  defect  within  the  mito- 
ndrial  genome.  Because,  to  date,  none  of 
identified  mutations  found  in  familial  PD 
|been  identified  in  sporadic  PD,  it  is  likely 
[  these  genetic  alterations  may  account,  at 
it,  for  a  very  small  fraction  of  PD  patients, 
vertheless,  these  findings  remain  ex- 
nely  exciting,  as  they  raise  the  prospect 
at  by  elucidating  the  actual  mechanisms  by 
these  genetic  defects  produce  the 
Idemise  of  dopaminergic  neurons  in  familial 
[  forms  of  PD,  they  may  well  shed  light  into  the 
etiology  and  pathogenesis  of  sporadic  PD. 

In  our  opinion,  one  of  the  most  damaging 
arguments  against  a  pivotal  genetic  compo¬ 
nent  in  the  etiology  of  PD  is  provided  by  the 
lack  of  significant  concordance  in  monozy¬ 
gotic  twins  with  classical  PD  (27).  It  remains 
plausible  that  genetics  may  play  a  critical  role, 
not  as  a  unique  etiologic  factor  but  rather 
within  a  multifactorial  cascade  such  as 
through  an  interaction  between  genetic  and 
toxic  mechanisms.  This  view  is  supported  by 
the  demonstration  that  individuals  carrying  a 
specific  mitochondrial  mutation  will  develop 
deafness  only  on  exposure  to  aminoglucoside 
(28).  Conversely,  it  is  also  relevant  to  point 
out  that,  among  the  cohort  of  individuals  who 
were  intoxicated  with  MPTP,  only  a  fraction 
developed  parkinsonism  (Dr.  J.  W.  Langston, 
personal  communication).  These  two  exam¬ 
ples  emphasize  the  potential  importance  of 
the  interaction  between  genetic  and  toxic  fac¬ 
tors. 


PATHOGENESIS  OF  PD 

In  spite  of  the  above-described  efforts  in 
identifying  the  etiology  of  PD,  affected  pa¬ 


tients  to  date  are  diagnosed  only  when  the 
symptoms  of  the  disease  have  already  ap¬ 
peared.  Therefore,  it  is  important  to  identify 
the  mechanisms  involved  in  the  cellular  death 
in  order  to  halt  or  slow  down  the  progression 
of  the  disease  once  it  is  already  established. 

In  an  attempt  to  unravel  the  mechanisms 
implicated  in  the  neurodegenerative  process 
in  PD,  a  large  number  of  presumed  patho¬ 
genic  factors  have  been  put  forward,  including 
dopamine  metabolism,  mitochondrial  dys¬ 
function,  free  radicals,  cell  death  by  apopto¬ 
sis,  excitotoxicity,  defect  in  trophic  factors, 
and  many  others.  Some  of  these  are  discussed 
below. 


Dopamine  Metabolism 

Dopamine  is  the  neurotransmitter  of  the 
SNc  neurons  controlling  normal  motor  func¬ 
tion.  It  seems,  however,  that  dopamine  is  not 
essential  for  the  normal  development  of  the 
SNc  system,  as  observed  in  mice  lacking  ty¬ 
rosine  hydroxylase  (TH),  the  enzyme  catalyz¬ 
ing  the  first  and  rate-limiting  step  of  cate¬ 
cholamine  biosynthesis.  It  is  worthy  to  note 
that  although  these  mutant  mice  have  almost 
no  dopamine  production,  they  show  a  normal 
cytoarchitecture  of  the  SNc  dopaminergic 
system  (29,30)  as  evidenced  by  immunostain- 
ing  for  DOPA  decarboxylase,  another  enzyme 
in  this  synthetic  pathway.  Interestingly,  be¬ 
tween  2%  and  22%  of  wild-type  cate¬ 
cholamine  concentrations  are  found  in  the 
brains  of  these  mutant  (31)  mice,  likely  as  the 
result  of  alternative  synthetic  pathways  such 
as  that  involving  tyrosinase,  another  enzyme 
that  converts  tyrosine  to  l-DOPA  but  that 
does  so  during  melanin  synthesis. 

In  the  mature  brain,  although  it  is  clear 
from  PD  that  dopamine  is  essential  for  motor 
control,  it  has  been  frequently  suggested  that 
dopamine  at  the  same  time  may  exert  delete¬ 
rious  effects  that  may  participate  in  the  pro¬ 
gression  of  the  disease.  Evidence  in  support 
of  this  view  is  still  lacking  in  vivo  in  that  there 
is  no  definitive  demonstration  that  individuals 
who  erroneously  receive  high  doses  of 
dopamine  precursor,  l-DOPA,  for  a  pro- 
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longed  period  fare  worse  because  of  the  drug. 
Similarly,  the  toxic  effect  of  dopamine/t- 
DOPA  has  not  been  observed  in  studies  using 
animals  with  intact  nigrostriatal  pathway. 
More  confusing  is  the  situation  in  rats  with 
moderate  SNc  damage  produced  by  the  neu¬ 
rotoxin  6-hydroxy  dopamine,  which  generated 
contradictory  results  (32,33).  The  issue  of 
dopamine-mediated  toxicity  is  more  com¬ 
pelling  when  one  looks  at  the  large  core  of  in 
vitro  studies  dealing  with  this  question.  For 
instance,  it  has  been  shown  that  200  |iM  of  L- 
DOPA  can  cause  a  50%  reduction  in  the  num¬ 
ber  of  dopaminergic  neurons  in  postnatal 
midbrain  cultures  (34).  This  toxic  effect 
seems  to  be  mediated  by  the  production  of 
free  radicals  because  it  is  prevented  by  the 
overexpression  of  copper/zinc  superoxide  dis- 
mutase  (SOD1)  (34),  a  key  free  radical-scav¬ 
enging  enzyme. 

Another  intriguing  aspect  related  to  the 
dopamine  metabolism  that  has  not  yet  been 
solved  concerns  the  link  between  the  vulnera¬ 
bility  of  SNc  dopaminergic  neurons  and  the 
prominent  content  in  black  pigmentation  called 
neuromelanin  in  these  neurons  (35).  It  has  been 
reported  that  (a)  the  dopamine-containing  cell 
groups  of  the  normal  human  midbrain  differ 
markedly  from  each  other  in  the  percentage  of 
neuromelanin-pigmented  neurons  they  con¬ 
tain;  (b)  the  estimated  cell  loss  in  these  cell 
groups  in  PD  is  directly  correlated  with  the 
percentage  of  neuromelanin-pigmented  neu¬ 
rons  normally  present  in  them;  and  (c)  within 
each  cell  group  in  PD  brains,  there  is  greater 
relative  sparing  of  nonpigmented  than  of  neu¬ 
romelanin-pigmented  neurons  (36).  These  re¬ 
sults  suggest  a  selective  vulnerability  of  the 
neuromelanin-pigmented  subpopulation  of 
mesencephalic  dopaminergic  neurons  in  PD. 
To  date,  however,  the  role  of  neuromelanin 
within  dopaminergic  cells  and  its  origin  are  not 
known.  A  new  insight  in  this  field  comes  from 
the  observation  that,  in  postnatal  midbrain  cul¬ 
tures  exposed  to  low  doses  of  l-DOPA, 
dopaminergic  neurons  accumulate  a  black  pig¬ 
ment  with  the  same  characteristics  as  neu¬ 
romelanin  (36a).  This  finding  indicates  that  the 
formation  of  neuromelanin  is  clearly  related  to 


the  presence  of  L-DOPA/dopamine,  and  thus, 
this  in  vitro  cellular  system  may  represent  a 
new  tool  with  which  to  study  the  actual  role 
played  by  neuromelanin  in  the  neurodegenera- 
tive  process.  Another  unresolved  issue  inherent 
to  dopaminergic  neuron  degeneration  in  PD  is 
the  potential  contribution  of  Lewy  bodies  in 
the  death  of  these  neurons.  Along  this  line,  Dr. 
Sulzer’s  group  has  also  found  that  incubation 
of  monoaminergic  clonal  PC- 12  cells  with  L- 
DOPA  induces  ubiquitinated  intracellular  in¬ 
clusions  reminiscent  of  Lewy  bodies.  This  ex¬ 
citing  finding  may  enable  us  to  identify  the 
factors  involved  in  the  formation  of  the  Lewy 
bodies  as  well  as  to  determine  their  actual  role 
in  the  neurodegenerative  process. 

Dopamine  metabolism  by  monoamine  oxi¬ 
dase  or  by  autooxidation  leads  to  the  forma¬ 
tion  of  hydrogen  peroxide,  superoxide  radi¬ 
cals,  and  several  reactive  quinones  and 
semiquinones  that  could  contribute  to  the 
heightened  state  of  oxidative  stress  in  PD 
(37).  Neuromelanin  within  dopaminergic 
neurons  can  bind  ferric  iron  and  reduce  it  to 
its  reactive  ferrous  form  (35).  Taken  together, 
these  results  show  that  the  SNc,  because  of  its 
dopamine  and  neuromelanin  content,  is  a  des¬ 
ignated  target  for  oxidative  attack.  This  view 
leads  us  now  to  discuss  the  important  ques¬ 
tions  of  oxidative  stress  and  of  mitochondrial  s 
dysfunction  in  PD  (37). 


Oxidative  Stress  and  Mitochondrial 
Dysfunction 

Several  lines  of  evidence  suggest  that  the 
SNc  in  PD  is  the  site  of  an  oxidative  stress  | 
(37).  As  mentioned  above,  several  powerful  j 
oxidants  are  produced  in  the  course  of  normal^ 
metabolism,  including  hydrogen  peroxide,  su||| 
peroxide,  peroxyl  and  hydroxyl,  and  even  nij|| 
trie  oxide  (NO).  These  molecules  may  caus|m 
cellular  damage  by  reacting  with  nuclei|K 
acids,  proteins,  lipids,  and  other  molecules» 
Indeed,  in  the  SNc  of  parkinsonian  patient|M| 
there  is  evidence  of  increased  malondiald^J 
hyde  and  hydroperoxidase,  which  sugg^^B 
lipid  peroxidation,  increased  carbonyl 
teins  suggesting  oxidized  proteins,  incre 
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jxy-2-deoxyguanosine  suggesting  DNA 
,  elevation  of  iron  levels,  increase  in  y- 
.]  transpeptidase  activity,  and  dimin- 
^educed  glutathione.  The  possibility  that 
live  stress  participates  in  the  pathogene- 
pp  offers  therapeutic  strategies  based  in 
^e  of  antioxidant  agents  in  order  to  pro¬ 
neuroprotection.  These  may  include  free 
jcal  scavengers,  glutathione-enhancing 
its,  iron  chelators,  and  drugs  that  interfere 
u  ^  oxidative  metabolism  of  dopamine, 
date,  clinical  trials  have  been  performed 
U  vitamin  E  and  deprenyl  but  have  failed  to 
definite  neuroprotection. 

One  main  source  of  reactive  oxygen 
ecies  is  the  mitochondria.  It  is  thus  relevant 
mention  that  a  reduction  in  the  activity  of 
lie  complex  I  (NADH-ubiquinone  oxidore- 
iductase)  of  the  mitochondrial  electron  trans¬ 
port  chain  in  PD  brains  has  been  reported 
(38).  This  defect  could  subject  cells  to  oxida¬ 
tive  attack  as  well  as  energy  failure.  Further¬ 
more,  it  seems  that  the  mitochondrial  defect 
found  in  PD  is  generalized  and  not  confined 
to  the  brain,  as  reduced  complex  I  activity  has 
been  reported  in  platelets  from  PD  patients.  In 
addition,  hybrid  cells,  in  which  mitochondrial 
DNA  has  been  destroyed  and  repopulated 
with  mitochondrial  DNA  from  the  platelets  of 
PD  patients,  reproduce  the  defect  in  complex 
I  activity  (39).  The  latter  finding  suggests  that 
the  observed  complex  I  deficit  originates 
from  an  alteration  in  the  mitochondrial  rather 
than  the  nuclear  genome. 

It  is  of  importance  to  indicate  that  although 
mitochondrial  dysfunction  and  oxidative  me¬ 
tabolism  may  well  be  critical  components  in 
the  cascade  of  deleterious  events  leading  to 
the  death  of  SNc  dopaminergic  neurons,  sur¬ 
prisingly  none  of  the  data  available  to  date  did 
address  the  question  as  to  whether  these  ab¬ 
normalities  represent  a  primary  or  secondary 
events.  Indeed,  all  of  these  data  are  merely 
circumstantial  and  correlative  observations 
reported  in  autopsied  brains  in  which  most  of 
the  dopaminergic  cells  have  already  been  de¬ 
stroyed,  and  thus  the  mechanistic  value  of  au¬ 
topsy  findings  must  be  taken  with  a  great  deal 
of  caution. 


Programmed  Cell  Death 

In  recent  years,  there  has  been  growing  in¬ 
terest  in  the  manner  in  which  neuronal  cells 
degenerate.  In  this  context,  the  concept  that 
programmed  cell  death  (PCD)  may  play  a  role 
in  the  pathogenesis  of  neurodegenerative  dis¬ 
orders  has  emerged  as  an  important  hypothe¬ 
sis.  PCD  represents  an  active  form  of  cell 
death  in  which  intrinsic  cellular  genetic  pro¬ 
grams  are  activated,  leading  to  cellular  “sui¬ 
cide.”  This  form  of  death  must  be  distin¬ 
guished  from  the  presumed  passive  cellular 
death  resulting  from  a  noxious  effect  or  harsh 
environmental  factors.  PCD  is  also  referred  to 
as  apoptosis  because  apoptosis  is  probably  the 
most  common  morphologic  type  of  PCD. 
However,  it  is  important  to  mention  that  apop¬ 
tosis  refers  to  a  specific  set  of  morphologic 
features  and  is  not  the  sole  and  unique  mor¬ 
phologically  defined  form  of  death  encoun¬ 
tered  in  PCD  (40).  For  instance,  apoptosis  is 
defined  by  the  association  of  cell  body  and 
nucleus  shrinkage,  chromatin  clump  forma¬ 
tion,  DNA  fragmentation,  and  condensation 
of  cytosol  and  nucleosol,  often  with  preserva¬ 
tion  of  organelles  and  phenotypic  markers. 
The  question  of  whether  apoptosis  occurs  in 
neurodegenerative  disorders  should  not  be  re¬ 
garded  as  an  esoteric  academic  problem  but 
rather  as  a  line  of  research  that  can  shed  light 
into  the  pathogenesis  of  PD  as  well  as  open 
new  therapeutic  avenues. 

It  has  been  reported  that  apoptosis  occurs  in 
the  substantia  nigra  during  normal  develop¬ 
ment  in  rodents  (41,42).  It  has  also  been 
demonstrated  that  this  phenomenon  is  time  de¬ 
pendent,  paralleling  the  time-course  of  synap- 
togenesis,  is  modulated  by  factors  derived 
from  the  target  (and/or  postsynaptic  neurons), 
and  occurs  in  dopaminergic  neurons  per  se  as 
evidenced  by  TH  immunostaining  (41—44). 
Occurrence  of  SNc  PCD  has  also  been  exam¬ 
ined  in  mature  brains  by  studying  experimen¬ 
tal  models  of  PD.  Along  this  line,  it  has  been 
reported  that  intrastriatal  injection  of  6-hy- 
droxydopamine  (6-OHDA)  in  developing  ani¬ 
mals  results  in  the  induction  of  apoptosis  in 
SNc  dopaminergic  neurons  (45).  This  effect 
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seems  to  be  explained  by  the  destruction  of 
dopaminergic  terminals  by  6-OHDA,  thus  in¬ 
terfering  with  target  support,  rather  than  a  di¬ 
rect  action  of  the  toxin-inducing  apoptosis. 
The  ability  of  intrastriatal  6-OHDA  to  induce 
apoptotic  death  is  developmentally  dependent, 
with  a  major  induction  of  death  during  the 
first  two  postnatal  weeks  but  only  a  minor  ef¬ 
fect  at  later  postnatal  times.  Furthermore,  at 
later  postnatal  days,  6-OHDA-induced  cell 
death  presented  two  different  morphologies, 
apoptotic  and  nonapoptotic.  This  suggests  ei¬ 
ther  that  the  toxin  induces  cell  death  by  two 
different  mechanisms  or  that  the  same  funda¬ 
mental  mechanism  induces  an  apoptotic  mor¬ 
phology  in  less  mature  animals  and  a  non¬ 
apoptotic  morphology  in  more  mature 
animals.  Studies  with  MPTP  in  mice  have  re¬ 
ported  mixed  results.  We  initially  reported  that 
acute  administration  of  MPTP,  in  which  the 
drug  was  given  in  four  separate  doses  admin¬ 
istered  every  2  hours,  resulted  in  a  nonapop¬ 
totic  cell  death  in  the  SNc  (46).  More  recently, 
Tatton  and  Kish  have  reported  (47)  in  a 
chronic  model  of  MPTP  administration  (30 
mg/kg  per  day  for  five  consecutive  days)  the 
occurrence  of  apoptosis  in  phenotypically  de¬ 
fined  dopaminergic  neurons.  Therefore,  PCD 
plays  a  role  in  the  MPTP  mouse  model  of  PD, 
depending  on  the  administration  schedule  of 
the  neurotoxin.  Finally,  in  PD,  the  situation  is 
more  complex  in  that  there  is  mixed  evidence 
concerning  whether  apoptotic  morphology 
can  be  identified  in  the  postmortem  PD  brains 
of  patients  (48).  It  is  important  to  note  that 
apoptotic  cell  death  seems  to  take  place  within 
a  short  period  of  time,  making  its  identifica¬ 
tion  difficult  in  a  chronic  degenerative  disease, 
and  that  the  quality  of  the  autopsied  material 
might  not  allow  high-quality  morphologic 
studies  to  be  performed. 

The  MPTP  Mouse  Model  of  PD 

The  fact  that  MPTP  causes  a  parkinsonian 
syndrome  was  discovered  in  1982  when  a 
group  of  drug  addicts  in  California  exhibited  a 
severe  and  irreversible  akinetic  rigid  syndrome 
analogous  to  PD  (49).  Subsequently,  it  was 


found  that  this  syndrome  was  induced  by  the 
self-administration  of  a  synthetic  heroin  analog 
whose  synthesis  had  been  heavily  contami¬ 
nated  by  a  by-product,  MPTP  (5).  Since  then, 
MPTP  has  been  used  extensively  as  a  model  of 
PD  (5,50,51).  From  neuropathologic  data, 
MPTP  administration  causes  damage  to  the 
dopaminergic  pathways  identical  to  that  seen 
in  PD  (52).  Like  PD,  MPTP  causes  a  greater 
loss  of  dopaminergic  neurons  in  the  SNc  than 
in  the  ventral  tegmental  area  (53,54)  and  a 
greater  degeneration  of  dopaminergic  nerve 
terminals  in  the  putamen  than  in  the  caudate 
nucleus  (55).  On  the  other  hand,  the 
eosinophilic  intraneuronal  inclusions,  Lewy 
bodies,  so  characteristic  of  PD,  have  thus  far 
not  convincingly  been  observed  in  MPTP-in- 
duced  parkinsonism  (56).  However,  MPTP  has 
never  been  recovered  from  postmortem  brain 
samples  or  body  fluids  of  PD  patients,  consis¬ 
tent  not  with  MPTP  causing  PD  but  with  its  be¬ 
ing  an  excellent  experimental  model  of  PD. 
Accordingly,  it  can  be  speculated  that  elucidat¬ 
ing  the  molecular  mechanisms  of  MPTP 
should  lead  to  important  insights  into  the 
pathogenesis  and  treatment  of  PD. 

The  metabolism  of  MPTP  is  a  complex, 
multistep  process  (57).  After  its  systemic  ad¬ 
ministration,  MPTP,  which  is  highly  ly- 
pophilic,  rapidly  crosses  the  blood-brain  bar¬ 
rier  and,  once  in  the  brain,  this  protoxin  is 
metabolized  to  l-methyl-4-phenyl-2,3-dihy- 
dropyridimium  (MPDP+)  (by  the  enzyme 
monoamine  oxidase  type  B)  and  then  to 
MPP+.  Thereafter,  MPP+  gains  access  to 
dopaminergic  neurons  by  binding  to  plasma 
membrane  dopamine  transporter  (DAT)  (58). 
The  obligatory  character  of  this  step  in  the 
MPTP  neurotoxic  process  is  demonstrated  by  | 
the  fact  that  blockade  of  DAT  by  specific  anj.  ^ 
tagonists  such  as  mazindol  (59)  or  ablation  of  .t 
DAT  gene  in  mutant  mice  (60)  completel|||| 
prevents  MPTP-induced  toxicity.  Conversely® 
transgenic  mice  with  increased  brain  DAT  eJ|g|| 
pression  are  more  sensitive  to  MPTP  (61)-  JjK 
Inside  dopaminergic  neurons,  MPP+  can  PjaE 
concentrated  by  an  active  process  within  t&j|B 
mitochondria  (62),  where  it  impairs  nut^B 
chondrial  respiration  by  inhibiting  complex*® 


THE  LAST  DECADE  IN  PARKINSON’S  DISEASE  RESEARCH 


183 


He  electron  transport  chain  (63-65).  The 
Kition  of  complex  I  impedes  the  flow  of 
:trons  along  the  mitochondrial  electron 
Lport  chain,  leading  to  a  deficit  m  ATP 
Yiation  It  appears,  however,  that  complex  I 
X  must  be  reduced  by  at  least  70%  to 
use  severe  ATP  depletion  (66)  and  that,  m 
iitrast  to  the  situation  in  vitro,  in  vivo  MPTP 
luges  only  a  transient  20%  reduction  in 
i,ouse  striatal  and  midbrain  ATP  levels  (67). 
Another  consequence  of  complex  1  inhibition 
C  MPP+  is  an  increased  production  of  free 
adicals,  especially  of  superoxide  (68-70). 
he  importance  of  MPP+-related  superoxide 
production  in  the  dopaminergic  toxicity 
process  in  vivo  is  demonstrated  by  the  fact 
that  transgenic  mice  with  increased  brain  ac¬ 
tivity  of  SOD1  are  significantly  more  resis¬ 
tant  to  MPTP  (71).  However,  superoxide  is 
poorly  reactive,  and  it  is  the  general  consen¬ 
sus  that  this  radical  does  not  cause  serious  di¬ 
rect  injury  (72).  Instead,  superoxide  is  be¬ 
lieved  to  exert  many  or  most  of  its  toxic 
effects  through  the  generation  of  other  reac¬ 
tive  species  such  as  hydroxyl  radical,  whose 
oxidative  properties  can  ultimately  kill  cells 
(72). 

Superoxide  can  also  react  with  NO  to  pro¬ 
duce  peroxynitrite,  a  potent  oxidant  (73).  In 
light  of  this  and  of  our  previous  work  on  su¬ 
peroxide  (71),  we  (74)  and  others  (75,76) 
have  assessed  the  role  of  NO  in  the  MPTP 
neurotoxic  process.  These  studies  show  that 
inhibition  of  NO  synthase  (NOS)  by  7-ni- 
troindazole  (7-NI),  a  compound  that  inhibits 
NOS  activity  without  significant  cardiovascu¬ 
lar  effects  in  mice  (77),  attenuates,  in  a  dose- 
dependent  fashion,  MPTP-induced  dopamin¬ 
ergic  toxicity  (74,75).  The  protective  effect  of 
the  NOS  antagonist  7-NI  against  MPTP-in¬ 
duced  dopaminergic  damage  was  subse¬ 
quently  demonstrated  in  monkeys  (76). 

Neuronal  NOS  (nNOS)  is  the  predominant 
isoform  of  NOS  in  the  brain  (78,79).  Both  by 
its  abundance  and  its  localization,  nNOS  ap¬ 
pears  to  be  an  excellent  candidate  for  produc¬ 
ing  NO  for  MPTP;  in  agreement  with  this 
possibility  is  our  demonstration  that  mutant 
mice  deficient  in  nNOS  are  partially  pro¬ 


tected  against  MPTP  (74).  The  finding  that 
mice  are  better  protected  by  the  NOS  antago¬ 
nist  7-NI  than  by  the  lack  of  nNOS  expression 
suggests  that  isoforms  other  than  nNOS  may 
also  be  involved  in  MPTP  neurotoxic  process. 
Consistent  with  this  view,  it  should  be  men¬ 
tioned  that  inducible  NOS  (iNOS),  which  is 
not  or  is  only  minimally  expressed  in  normal 
brains  (80,81),  is  dramatically  up-regulated 
after  injury  including  that  produced  by  MPTP 
(82),  Indeed,  early  in  the  course  of  MPTP-in¬ 
duced  dopaminergic  neuron  degeneration, 
there  is  an  increase  in  midbrain  iNOS  activity 
within  the  robust  glial  reactions  that  occur  in 
the  SNc  following  the  administration  of  this 
toxin  (82).  Consistent  with  the  important  role 
of  iNOS  in  the  MPTP  neurotoxic  process  is 
our  demonstration  that  mutant  mice  deficient 
in  iNOS  are  more  resistant  to  MPTP  (82). 

Among  the  various  forms  of  damage  pro¬ 
duced  by  peroxynitrite,  the  presumed  culprit 
in  MPTP-mediated  toxicity,  is  the  oxidation 
of  phenolic  rings  in  proteins,  and  in  particular 
of  tyrosine  residues  (83),  to  form  nitrotyro- 
sine  as  the  most  important  product  (84).  Thus, 
detection  and  quantification  of  nitrotyrosine 
provide  important  indirect  evidence  that  per¬ 
oxynitrite  is  involved  in  a  pathologic  process. 
Relevant  to  the  participation  of  peroxynitrite 
in  the  MPTP  model,  it  has  been  demonstrated 
that  MPTP  significantly  increases  striatal  lev¬ 
els  of  nitrotyrosine  in  mice  (75,85).  Aside 
from  its  role  as  a  marker,  nitrotyrosine  can  be 
a  harmful  modification,  as  it  can  inactivate 
enzymes  and  receptors  that  depend  on  tyro¬ 
sine  residues  for  their  activity  (86,87)  and 
prevent  phosphorylation  of  tyrosine  residues 
important  for  signal  transduction  (88,89). 
This  cascade  of  events  appears  quite  relevant 
to  MPTP’s  mode  of  action,  as  we  have  demon¬ 
strated  that,  following  MPTP  administration 
to  mice,  TH  becomes  inactivated  by  tyrosine 
nitration  (90).  Furthermore,  peroxynitrite  can 
damage,  through  oxidative  processes,  many 
vital  cellular  elements  other  than  proteins 
(72).  Among  these,  DNA  is  of  unique  impor¬ 
tance  because  it  is  the  repository  for  genetic 
information  and  is  present  in  a  single  copy. 
Oxidants  such  as  peroxynitrite  can  cause  a 
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range  of  DNA  damage  (72),  which  can  possi¬ 
bly  occur  in  the  MPTP  model  as  well  as  in 
PD.  Indeed,  our  preliminary  data  generated  in 
collaboration  with  Dr.  M.  F.  Chesselet  (De¬ 
partment  of  Neurology,  UCLA)  indicate  that 
MPTP  causes  conspicuous  DNA  damage 
such  as  strand  breaks  in  SNc  neurons  in  mice. 


CONCLUSION 

This  summary  of  a  quite  prolific  decade 
has  attempted  to  outline  the  findings  and  the 
direction  of  PD  research,  which  we  believe 
should  lay  the  groundwork  for  the  research 
that  will  take  place  during  the  coming  new 
millennium.  As  illustrated  above,  unquestion¬ 
able  progress  has  been  made  toward  discover¬ 
ing  the  etiology  and  the  pathogenesis  of  the 
disease.  In  light  of  this,  and  although  much 
work  is  still  before  us,  we  should  enter  this 
new  era  with  significant  hope  and  enthusiasm 
for  finding  a  cure  for  PD. 
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